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Preface 


The Committee on Analysis of Research Direc¬ 
tions and Needs in U.S. Manufacturing was charged by the Na¬ 
tional Science Foundation (NSF) with (1) identifying and ranking 
manufacturing-related technologies and disciplines to produce a com¬ 
prehensive national manufacturing research agenda, and (2) perform¬ 
ing in-depth analyses of some of the technologies and disciplines 
identified in that agenda. Concluding that the most important pur¬ 
pose of university efforts in manufacturing engineering and technol¬ 
ogy is to attract the most capable students to manufacturing careers, 
the committee determined that a national research agenda should 
address topics that encourage and develop students and faculty, while 
meeting industry's needs for new technology and high-leverage technical 
concepts. The committee reasoned that the audience for such an 
agenda extended beyond the program directors in the NSF's engi¬ 
neering directorate to the research community in government, in¬ 
dustry, and academe. 

The nature of manufacturing suggests a research spectrum 
ranging from concept definition to proof of concept feasibility to 
development of applications and implementation mechanisms. The 
committee reasoned that if problems are carefully selected and thought¬ 
fully researched the results will provide the basis for practical appli¬ 
cation, and therefore agreed to focus on only the front end of this 
spectrum—definition and proof of concept. The committee never¬ 
theless recognizes that improving the pipeline from concept to commer¬ 
cial viability is also an important issue in U.S. manufacturing. 
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The committee established four criteria for qualifying and 
ranking research: 

1. each project should be researchable within NSFs or other 
government agencies' accepted guidelines, and results should be 
available within a reasonable time frame,- 

2. the research results should be useful in multiple industrial 
applications and provide capabilities and experience that advance 
manufacturing operations and competitiveness,- 

3. research results should promote fundamental change in 
management practice and culture,- and 

4. each project should expand scientific research relevant to 
manufacturing problems, encourage academic researchers to em¬ 
phasize an interdisciplinary approach, and promote greater rap¬ 
port between researchers and practitioners. 

Interdisciplinary topics and problems in soft areas—e.g., man¬ 
agement, human resources, and education—were deemed as im¬ 
portant as the technology issues. The committee decided that the 
best way to handle soft issues is to encourage researchers to study 
new technologies and disciplines and their implications for man¬ 
agers, workers, and organizations concurrently. When shortcom¬ 
ings are evident in existing practices in these areas, however, the 
committee agreed to include relevant research topics in the com¬ 
prehensive agenda. 

The committee then subdivided manufacturing into six cat¬ 
egories and nominated panels to develop research recommenda¬ 
tions in each: 

• intelligent manufacturing control, 

• equipment reliability and maintenance, 

• manufacturing of and with advanced engineered materials, 

• manufacturing skills improvement, 

• rapid product realization, and 

• alternative concepts in manufacturing. 

Subsequently, it was decided to narrow the categories further. 
Materials developed by the panel on alternative concepts in manu¬ 
facturing were used to help develop an overview of the report and to 
add management and organizational issues to what were initially 
largely technology-oriented materials on the product realization process 
("rapid" was dropped from the descriptor for that category because it 
was thought to be implicit). The final report thus recommends 
research in five general areas: 
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1. Intelligent Manufacturing Control 

2. Equipment Reliability and Maintenance 

3. Manufacturing of and with Advanced Engineered Materials 

4. The Product Realization Process 

5. Manufacturing Skills Improvement 

CYRIL M. PIERCE, Chairman 

Committee on Analysis of Research Directions 

and Needs in U.S. Manufacturing 
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The National Academy of Sciences is a private / nonprofit 
self-perpetuating society of distinguished scholars engaged in sci¬ 
entific and engineering research/ dedicated to the furtherance of 
science and technology and to their use for the general welfare. 
Upon the authority of the charter granted to it by the Congress in 
1863/ the Academy has a mandate that requires it to advise the 
federal government on scientific and technical matters. Dr. Frank 
Press is president of the National Academy of Sciences. 

The National Academy of Engineering was established in 
1964/ under the charter of the National Academy of Sciences/ as a 
parallel organization of outstanding engineers. It is autonomous 
in its administration and in the selection of its members/ sharing 
with the National Academy of Sciences the responsibility for ad¬ 
vising the federal government. The National Academy of Engineering 
also sponsors engineering programs aimed at meeting national needs, 
encourages education and research, and recognizes the superior 
achievements of engineers. Dr. Robert M. White is president of 
the National Academy of Engineering. 

The Institute of Medicine was established in 1970 by the 
National Academy of Sciences to secure the services of eminent 
members of appropriate professions in the examination of policy 
matters pertaining to the health of the public. The Institute acts 
under the responsibility given to the National Academy of Sci¬ 
ences by its congressional charter to be an adviser to the federal 
government and, upon its own initiative, to identify issues of 
medical care, research, and education. Dr. Samuel O. Thier is 
president of the Institute of Medicine. 

The National Research Council was organized by the Na¬ 
tional Academy of Sciences in 1916 to associate the broad com¬ 
munity of science and technology with the Academy's purposes of 
furthering knowledge and advising the federal government. Func¬ 
tioning in accordance with general policies determined by the 
Academy, the Council has become the principal operating agency 
of both the National Academy of Sciences and the National Acad¬ 
emy of Engineering in providing services to the government, the 
public, and the scientific and engineering communities. The Council 
is administered jointly by both Academies and the Institute of 
Medicine. Dr. Frank Press and Dr. Robert M. White are chairman 
and vice chairman, respectively, of the National Research Coun¬ 
cil. 
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Executive Summary 


A-dvanced manufacturing technology is emerg- 
ing as a major corporate advantage in world trade. Strategic appli¬ 
cation of such technology can markedly improve manufacturers' 
product quality, reponsiveness to customers, process control and 
flexibility, and flexibility of capital investment—all determinants 
of global manufacturing competitiveness. 

Progress in U.S. manufacturing technologies and competitive¬ 
ness faces significant barriers: inflexible organizations; inadequate 
technology; inappropriate performance measures; and lack of appre¬ 
ciation for the importance of manufacturing. These barriers are 
addressed in this report of the Committee on Analysis of Research 
Directions and Needs in U.S. Manufacturing, Manufacturing Stud¬ 
ies Board, Commission on Engineering and Technical Systems, Na¬ 
tional Research Council. The report identifies and analyzes research 
needs in five critical areas of manufacturing: intelligent manufac¬ 
turing control, equipment reliability and maintenance, advanced en¬ 
gineered materials, manufacturing skills improvement, and the product 
realization process. 

Intelligent manufacturing control requires research in several 
areas. They include: sensor technology in data integration and pat¬ 
tern recognition; adaptable knowledge bases of design, manufactur¬ 
ing, and management intelligence; and creation of a dynamic model 
of manufacturing. 

Equipment reliability and maintenance programs are undemtilized 
in this country largely because of manufacturing managers' lack 
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to materials' properties into process design schemes. 

The product realization process—from initial idea through mar¬ 
keting—has research needs in three areas: developing intelligent 
product images, establishing the requisite connections among them, 
and devising an organizational structure in which these concepts 
can be made operational. 

Manufacturing skills improvement is critical to advanced 
manufacturing technology with its need for work-force skills that 
U.S. schools are neither cultivating nor preparing students to acquire. 
The first need is basic literacy. The goal is a manufacturing work 
force with multidisciplinary skills of a high order. 

Fruitful pursuit of the recommended research could trans¬ 
form U.S. manufacturing. Potential results include: 

• Highly specialized processing of metals, ceramics, and polymers 
to yield radical improvements in materials' strength and tough¬ 
ness,- 

• Equipment operators working synergistically with intelli¬ 
gent control systems that are capable of predicting, preventing, or 
automatically remedying equipment failure; 

• Autonomous manufacturing control systems that exploit 
human powers of perception, pattern recognition, and problem¬ 
solving in conjunction with machine capacity for manipulating 
vast amounts of data,- 

• Global information systems that enable electronic virtual 
enterprises to access and coordinate the localized design and 
manufacturing capabilities of village industries all over the world; 
and 

• Production handled by highly skilled professionals working 
as components of human-machine systems that are linked inte¬ 
grally with management functions. 

To achieve such results the manufacturing community must 
learn from and adopt the fruits of the research proposed, and the 
nation must reinvigorate its educational system. Manufacturing 
would then come to be viewed as a national asset and careers in 
manufacturing would be highly regarded. 
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Overview 


A-dvanced manufacturing technology, because its 
strategic application results in important competitive advantages, 
including higher quality, greater responsiveness to consumer de¬ 
mands, and greater flexibility of capital investment, is emerging 
as a major corporate advantage in world trade. Development and 
deployment of advanced manufacturing technology will be affected 
by a host of factors, including capital, markets, tax and trade 
policy, corporate management, and skills. 

In a world that has come to expect zero defects and high 
reliability, manufacturing 1 will move from a craft to a science, 
thereby requiring a much smaller work force that possesses 
multidisciplinary skills of a high order. Figures 1-1 to 1-3 show 
this projected decline in manufacturing employment to the year 
2000. In Figure 1-1, manufacturing employment is shown to de¬ 
cline by almost 20 percent between 1950 and 2000. In Figure 1-2, 
employment in more highly skilled occupations (i.e., computer 
specialists, electrical engineers, etc.) shows an increase from 9 to 
52 percent between 1988 and 2000, while less highly skilled job 
categories (i.e., machine tool operators) showed a 5- to 44-percent 
decline. And in Figure 1-3, manufacturing is shown to be the only 
occupational group to show declining employment, in contrast to 
groups such as professional and technical workers, which shows a 
24-percent projected increase between 1988 and 2000. The new 
skills that this smaller work force will need are dictated by three 
characteristics of advanced manufacturing technology: 
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Nonmanufacturing 



1950 1983 

FIGURE 1-1 Employment by industry sector, 1 
W. B. Johnston and A.H. Packer. 1987. Workf 
ers for the 21st century. Hudson Institute. 51 


Occupation 

Computer Specialist 
Electrical Engineer 
Electrical Technician 
Mechanical Engineer 
Industrial Ennineer 
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Occupation Group 

All Manufacturing 
Professional & Technical Workers 
Managers, Officials, & Proprietors 
Marketing & Sales Workers 
Clerical Workers 
Precision, Craft, & Related Workers 
Operatives & Laborers 
Service Workers 

-5 0 5 10 15 

Percent Chai 

FIGURE 1-3 Projected manufacturing employment 
Source: Projections of occupational employment, IS 
Silvestri and J. Lukasiewicz. 1989. Monthly Labor R< 



• its integration of information and mate 
processing, which are separate in traditional au 

• its reliance on higher levels of human ar 
gence rather than on the skill of operators; and 

• its placement of the production process 
control of computer programs into which pr< 
specifications are fed as computer instructions. 
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Elementary School High Set 


FIGURE 1-4 Educational attainment in mi 
Source: Projections of occupational employ 
Silvestri and J. Lukasiewicz. 1989. Monthly 


5) will extend from choice of product, tc 
formation and/or product assembly, anc 
distribution. Scheduling and resource a 
linked to, and occur simultaneously v 
extremely short term (e.g., product tim 
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to the factory floor. Operators, for example, ^ 
perform tasks that formerly were divided ami 
with different job classifications (e.g., machine s 
and quality monitoring, as well as operation), 
tion while performing the frequent adjustments 
complex, integrated manufacturing systems, op 
be able to analyze problems and implement so. 
form of computer programming. Operators will 
production rather than be controlled by it. 

The growing importance of manufacturin, 
in light of the significance of advanced man 
ogy. Product and process specifications that 
instructions are highly transportable. Such trans 
with the flexibility inherent in advanced manuf, 
creates a context in which a product can be ] 
at home or abroad, by anyone with the requis 
situation renders production capacity a comm 

The Japanese metalworking industry, usi 
facturing technology, has demonstrated rema 
productivity: fivefold reductions in labor, re 
the number of machines required, increases 
tion of more than 20 percent, delivery perfor 
cent over three months, unscheduled system < 
cent, and quality problems at the level of 0.006 
1-1 and 1-2). Advanced manufacturing technolo 
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TABLE 1-2 Human Resource Requireme 
Operations to Make the Same Number o 


Operation 

Conventional Systems 

United States Japan 

F 

h 

Engineering 

34 

18 

1 

Manufacturing 




overhead 

64 

22 


Fabrication 

52 

28 


Assembly 

44 

32 

1 

Total workers 

194 

100 

4 


note: At the time of this study, no U.S. machin 
manufacturing system on line. 


source: R. Jaikumar. Post-industrial manufactu 
Review, Vol. 64. 


modes of production obsolete. Firms tin 
world market have no choice but to adoj 
their greatest advantage. 

A 1988 Department of Defense rep 
regular, indications of decline in secto 
that are critical to continued U.S. lead 
nologies and, by extension, to national s 
particularly devastating the erosion of pr< 
equipment in vitally important sectors s 
electronics manufacturing eciuipment (see r 
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TABLE 1-4 Percentage of the World Semico 


Year 

United States 

Japan 

1 

1980 

60% 

27% 


1988 

36% 

53% 


2000 

? 

7 



source: Semiconductor Industry Association. 


that these are but the leading edge of scores 
in which other nations are developing ad^ 
technologies for advanced products, the rep 
industry cannot hope to compete in the wc 
technological equivalence. Nor can it expec 
technology without concurrently developin 
competent to use it. 

CHANGING GROUND RULES OF MA 
COMPETITIVENESS 

Product quality, responsiveness to cust( 
and flexibility, and development and maint< 
tional skill base capable of spurring consta 
become the determinants of global manuf 
ness. Manufacturers must adapt in order 
circumstances. 

This report examines five critical areas 
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Effective management of modern e 
by a high degree of interfunctional inte; 
a variety of levels. In short, it requires 
learning organization is depicted in F 
environment imposes a continuing ne 
move from the present state to a moi 
catalyst of change may occur at any le^ 
tion cannot be made unless the ramii 
sessed and accommodated at all levels. 

Advanced manufacturing technolc 
anticipated flexibility and/or products 
less corresponding changes are made in 
in its information systems and resourc 
made in the processes, organization, a 
mon in engineering and management, 
turers must strive to improve interacts 
production engineers, and marketers. A 
common management practices and tool 
ods, investment criteria, inter- and intn 
tionships with customers, to ensure th 
including manufacturing, constantly are 


► STATE 1 
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Implementation of advanced manufactu 
pervasive effect on engineering, management, 
facturing environment. Advanced manufact 
made information and materials processing t 
Management's responsibility for directing th 
is diminishing as information about manufa< 
capability is increasingly captured at the f 
working in the factory can use this informat 
and achieve superior process capability. The 
collected by advanced manufacturing technol 
supplement experience and trial-and-error probl 
with scientific method—for example, by perfor 
building and refining models of production. Ir 
becoming the focus of the manufacturing plar 

The rest of this overview examines con 
establishing a research agenda for manufact 
three-pronged theoretical basis for manufaci 
competitiveness—and suggests steps for chs 
agenda is developed in the subsequent chapt 

A THREE-PRONGED THEORETICAL B 

The changes that attend the developme: 
advanced manufacturing technology invol\; 
information and the integration of that infor 
functions to achieve various kinds of intelligenc 
1-10 illustrate, for each of the topics coverec 
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► EQUIPMENT RELIABILITY AND MAINTENANCE 


■ Data on Economic Benefits of 
Improved Equipment Availability 

■ Equipment Requirements and 
Reliability Considerations 

■ Equipment and Process 
Performance Data 


INFORMATION 


INTELLIGENCE 


■ Knowledge System that Records, 
Categorizes, Aggregates Within 
Categories, and Predicts Instances 
of Equipment Shutdown 

■ Logical Model of Equipment Failure 
that Relates Different Kinds of, 

Mean Time to, and Causes of Failure 
and Feeds Back to Equipment Design 



FIGURE 1-7 Organizational intelligence realized from integration of do¬ 
main-specific information: Equipment reliability and maintenance. 


^ ADVANCED ENGINEERED MATERIALS 


■ Symbolic Knowledge of Improved 
Materials Design 

■ Performance Data for Critical 
Parameters 

■ Property Data Bases 


INFORMATION 



INTELLIGENCE 


■ Knowledge-Based Systems 
Embodying Process Know-how 
and Materials Science 

■ Process Simulation Incorporating 
Broad Spectrum of Physical 
Phenomena 

■ Teaching Factory 


FIGURE 1-8 Organizational intelligence realized from integration of do- 
main-specific information: Advanced engineered materials. 


► PRODUCT REALIZATION 


b Business/Manufacturing Strategy 

« Knowledge of Product Design, 
Process Flow, Economic 
Analysis 

a Knowledge of Effects of 
Physical Transformation 

a Equipment and Process 
Performance Parameters 

a Equipment Availability Data 



INTELLIGENCE 


■ Product Images that Provide 
Multiple Views to Accommodate 
Multiple Perspectives of Participants 
in the Product Life Cycle 

■ Systems Architectures that Provide 
Open, Heterogeneous Environments 

■ Models Capable of Monitoring 
Deviations in and Suboptimal 
Performance and Diagnosing 
Causes of Failure 


INFORMATION 


FIGURE 1-9 Organizational intelligence realized from integration of do¬ 
main-specific information: Product realization. 


OVERVIEW 
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► MANUFACTURING SKILLS IMPROVEMENT 


■ Career Esteem at All Levels 

■ Basic Literacy 

■ Manufacturing Management 
Skills 

■ "Generalist” Engineering 
Knowledge 

■ Communication/Teamwork/Group 
Dynamic Skills 

■ Apprenticeable Skills 

■ Job-Specific Skills 



INTELLIGENCE 


■ Highly Adaptable Work Force 
Possessing Multidisciplinary 
Skills of a High Order 

■ Human-Machine Cooperative 
Systems 

■ Teaching Factory 


INFORMATION 


FIGURE 1-10 Organizational intelligence realized from integration of do¬ 
main-specific information: Manufacturing skills improvement. 


Information 

Advanced manufacturing technology facilitates the collection 
of enormous amounts of data. The controlling computer in a 
computer-integrated manufacturing system records every finite state 
in manufacturing operations as a series of snapshots. Computers 
can record hundreds of thousands of these states every second; 
they can examine one state, control its activity by some defined 
procedure, and then move on to the next state. The ability of a 
computer to observe a phenomenon in one state and use that 
observation to control an activity in the next is the essence of 
intelligent manufacturing control (IMC). 

Many computer-controlled snapshots must be aggregated to 
provide a picture of a time period that is sufficiently long to be 
useful to managers. Aggregated snapshots permit managers to compare 
the current state of a system to the expected state and to relate 
events to corrective actions. The large volume of data that such 
systems collect necessitates additional programming to identify 
and store only dynamic information that typically is part of an 
investigative problem-solving activity. 

The enormous quantities of data include a variety of types of 
information. At the raw materials end are property data bases, 
performance data for critical parameters, and information on safety, 
environmental, economic, and educational factors. Equipment 
data range from information about what constitutes reliability 
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and maintenance, to scheduled and actual equipment and process 
performance data, to data that illustrate the benefits of improved 
reliability and performance. Data relevant to IMC include state 
and historical data on the manufacturing environment as well as 
cause and effect data. The product realization process (PRP) relies 
on information on products and processes, control of equipment, 
and the effects of physical transformations of materials, as well as 
on the organization of production work, market and production 
problems, and variations in practice in different industries and 
national settings. 


Integration 

Information must be integrated into manufacturing operations 
at two levels: across process control and improvement, and across 
functions. Consider the integration at the raw materials end. 
Functional integration occurs, for example, when symbolic knowledge 
of improved materials design is integrated with process planning. 
The need to integrate measurement and control of critical process 
parameters with data on the performance of advanced engineered 
materials is addressed by IMC. Other types of integration rel¬ 
evant to IMC include machine and process flows in the factory, 
and human knowledge and machine intelligence. 

With respect to reliability and performance data collected on 
the factory floor, integration is needed between (1) equipment 
user and supplier, (2) equipment requirements and reliability con¬ 
siderations, and (3) equipment reliability and cost accounting. 

Product realization relies on integration of design and manu¬ 
facturing to support parallel product development, of business lo¬ 
gistics (to include supplier and codesigner), and of IMC with de¬ 
sign and production. On the organizational side, the PRP relies 
on integration of (1) knowledge of the viability of alternative con¬ 
cepts, accurate evaluation of costs (e.g., equipment reliability and 
maintenance), market-imposed constraints, and opportunities af¬ 
forded by technological change, and (2) the conception and imple¬ 
mentation of new manufacturing technologies. (Figure 1-11 illus¬ 
trates the integration of product realization, IMC, and equipment 
reliability and maintenance.) 


Intelligence 

Information is incorporated into business functions to gain a 
better understanding of the manufacturing process and its ele- 
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Design 


Production 


Product Realization 


Marketing and 
Distribution 



Information 

Plane 


People 

Plane 
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a> 
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a> 
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Physical 
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O) 
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c 

o 
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Equipment Reliability and Maintenance 
FIGURE 1-11 Integration across functional areas. 


ments. The benefits of incorporating raw materials information 
include, for example, process simulations that incorporate exten¬ 
sive physical parameters and expert systems that embody both 
processing knowledge and materials science. Incorporation of equip¬ 
ment reliability and maintenance (ERM) data yields both knowl¬ 
edge systems that record, categorize, aggregate within categories, 
and predict instances of equipment shutdown; and logical models 
of equipment failure that relate different kinds of, mean time to, 
and causes of failure and uses this information in equipment de¬ 
sign. Incorporation of the vast stores of data gathered by IMC 
systems facilitates the development of process models that ex¬ 
press different views of the same circumstance at varying levels 
of abstraction; decision support, expert, and optimization systems; 
and logical models that relate disruptions to causes and are ca¬ 
pable of learning. Pairing such developments with product real¬ 
ization yields product images that accommodate the multiple per¬ 
spectives in the product life cycle,- system architectures that provide 
open, heterogeneous environments; models capable of monitoring 
performance deviations and suboptimal performance and of diag¬ 
nosing causes of failure,- systems that encourage and foster 
nontraditional thinking; and organizational ability and incentives 
to be open to change. 
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BARRIERS TO COMPETITIVENESS 

This section addresses four significant barriers to U.S. manu¬ 
facturing competitiveness: inflexible organizations, inadequate 
technology, inappropriate performance measures, and a general 
lack of appreciation for the importance of manufacturing. The 
first three barriers may be changed from within. Industry, how¬ 
ever, contributes to the fourth barrier by failing to provide finan¬ 
cial and psychological incentives that might promote careers in 
manufacturing. 


Inflexible Organizations 

Manufacturing behavior in the future will continue to be driven 
by market as well as nonmarket factors. Market factors are those 
defined by technological opportunity, business strategy, and the 
competitive environment, and they interact to determine the in¬ 
vestments a firm must emphasize to maintain a chosen competi¬ 
tive advantage. Trends in manufacturing competition and tech¬ 
nological possibilities, for example, are driving firms to emphasize 
production flexibility in order to maximize their responsiveness 
to customers without sacrificing cost competitiveness. Nonmarket 
factors are outside forces such as national security, demographics, 
urban congestion, the regulatory regime, and social concerns over 
the integrity of the environment that force particular types of in¬ 
vestments and technological developments. Nonmarket factors force 
firms to explore nontraditional approaches to organization and to 
reevaluate conventional product and process technologies. Standard 
approaches to solving the varied and conflicting problems that 
arise as a result of both market and nonmarket factors often are 
inadequate or completely ineffective. New manufacturing solu¬ 
tions, unconstrained by existing infrastructures, technologies, modes 
of business, or investment, are needed. 

Inadequate Technology Base 

The technology base of U.S. manufacturing has many types of 
problems, ranging from quality control to evaluation. A fundamen¬ 
tal deficiency is the lack of standards—for design and test, for mea¬ 
surement and evaluation, for data communications, and for opera¬ 
tor-equipment interfaces. Standards also are essential to the development 
of dynamic knowledge bases that are capable of adapting to change. 
Lacking as well is an information architecture that integrates hu- 
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man and machine intelligence to yield knowledge acquisition tech¬ 
niques that can support rapid start-up. Ultimately, these knowledge 
bases must give rise to a dynamic model that encompasses design, 
manufacturing, and management. Also needed is sensor integra¬ 
tion, which will be a key ingredient of the dynamic model. Sensor 
integration is essential for developing reliable process models that 
represent the physical characteristics, structure, processing, manu¬ 
facturing, performance, and cost of advanced engineered materials. 
And, finally, predictor maps are needed to achieve a better under¬ 
standing of the interdependence of these considerations. 

Such modeling and integration will rely on the development 
of a host of high-performance tools, including design compilers 
and synthesizers, rapid imaging devices, and selection analysis 
systems based on artificial intelligence and expert systems. 

Because of the increasing importance of advanced manufactur¬ 
ing technology to international competitiveness, strong consider¬ 
ation also must be given to improving the U.S. technology skill 
base. This base includes both operators capable of learning to interact 
with intelligent equipment and managers capable of making informed 
decisions about acquiring and deploying such equipment. 


Inappropriate Performance Measures 

Much of the apparent weakness of U.S. manufacturing is at¬ 
tributed to reliance on inappropriate financial measures to evalu¬ 
ate manufacturing efficiency and corporate performance. Devised 
in the nineteenth century, and still the basis of the entire manu¬ 
facturing infrastructure, these measures have failed to keep up 
with the major changes in the nation's manufacturing systems. 
Management analyst Peter Drucker cites four examples: (1) cost 
accounting systems assume that blue-collar labor accounts for 80 
percent of all manufacturing costs (excluding raw materials), even 
though 8 to 12 percent is rapidly becoming the standard; (2) the 
benefits of changing a process or system are measured primarily 
in terms of labor cost savings (rather than in optimization of equipment 
utilization); (3) since only costs of production are measured, 
nonproduction costs, such as machine downtime or defective products, 
are ignored; and (4) because the factory is considered an isolated 
entity, only cost savings realized in the factory are significant— 
process changes that might increase service quality or product 
acceptance in the market are ignored. 4 

Alternative measures, and creative ways of substituting them 
for financial measures, are badly needed. In particular, measures 
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are needed to assess the skills and levels of performance of an 
enterprise's employees, the relative effectiveness of its technology, 
the value of knowledge gained through continual refinement of 
its products and processes, its use and conservation of time, and 
concepts such as the impact of speeded cycle times or flexibility. 
Unfortunately, little is known about how to quantify, represent, 
use, and report these criteria, even though they will increasingly 
determine manufacturing competitiveness. 


Lack of Career Esteem 

The image of manufacturing as a career has not evolved at 
the same rate as the manufacturing environment. Despite the 
advanced manufacturing technology that requires operators with 
high-level, multidisciplinary skills, manufacturing retains a sweatshop 
image, characterized by dirty work in noisy environs. Manufacturing 
receives little promotion from career guidance counselors and the 
generally low esteem in which manufacturing is held is reinforced 
by companies' recruitment policies, which often rank manufac¬ 
turing engineers below design engineers. 

Even if this image problem were to be solved, manufacturing 
will still face a very real, and growing, shortage of qualified people. 
The current applicant pool from U.S. schools is largely unqualified 
for highly skilled, professional manufacturing jobs. The state of 
education in the United States is exemplified by The Economist’s 
report of a sample group of 20-year-olds, of which 60 percent could 
not add a lunch bill or read a road map, 5 and by one employer's 
experience of soliciting 15,000 applicants to find a pool of 800 who 
could pass an elementary entrance examination. 6 

The qualifications of manufacturing management also come 
into question. Among Japanese users of advanced manufacturing 
technology, most managers have been trained as engineers. Most 
U.S. manufacturing managers have graduated from programs that 
stress financial management and have spent little or no time on 
the shop floor. 

STEPS FOR CHANGING 

The barriers to manufacturing competitiveness recounted above 
are not insurmountable. To use the enormous amount of informa¬ 
tion that is available to achieve integration and intelligence in the 
factory, however, it will be necessary (1) to restructure the organiza¬ 
tion to support learning and experimentation in the factory (the 
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notion of the factory as laboratory), and (2) to develop new methods 
of performance measurement and process/life-cycle costing that will 
enable management to evaluate problems, process improvements, 
resource utilization, and production management in economic terms. 
Some industries are already moving forward on these fronts. 

The approach to process control costing can be changed fun¬ 
damentally by focusing on the cause of process or product variance 
and attempting to capture all of the associated economic consequences. 
The costing system would view the production process as running 
exactly as expected unless disrupted by an event, would recognize 
such events, identify the effects of each event on the entire pro¬ 
duction process, and report this information to management. The 
power of this approach lies in the ability to identify events and 
their economic consequences simultaneously. To relate an event 
to performance measures and, subsequently, to make an economic 
decision to control a process requires: 

• the ability to translate the event and the performance mea¬ 
sure into monetary terms, 

• a scientific model that relates production parameters to pro¬ 
cess parameters, 

• an economic model that relates resource utilization to pro¬ 
cess capacity, 

• knowledge of all the controllable parameters and constraints 
on production, 

• a time scale for every controllable feedback and feed-for¬ 
ward loop, and 

• knowledge of the relationship between a set of controllables 
and a set of resources. 

As an example of costing events, contingencies, and process 
improvements, consider machine downtime. It is first necessary 
to determine for the machine a value per unit of time. This 
shadow cost of capacity can be obtained through a variety of methods 
related to capacity utilization. A production monitoring system 
provides information about all machine shutdowns (e.g., causes, 
durations). These events are classified by category and aggregated 
within categories. Given the opportunity cost of downtime, it is 
possible to calculate the benefit of reducing or eliminating each 
category of downtime. The example can be taken a step further, 
to the development of a logical model of machine failure that 
relates different kinds of failure, mean times between failure, and 
causes of failure. As information is gathered about production 
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processes, one can begin to assess the impact of different causes 
of machine failure. The model needed for process control costing 
is precisely the model needed to control a process. A process 
control costing system adds to this model the economic value and 
economic cost of reducing or eliminating the different causes of 
failure. The benefit realized equals the time saved multiplied by 
the opportunity cost of that time. The cost is the cost of the 
resources—in terms of new procedures, maintenance, new sensors 
or tools, and personnel—required to make a given change. 

FINDINGS OF THE PANELS 

Each of the five critical areas of manufacturing examined in 
this report is covered in a separate chapter. Summaries, including 
research needs, are provided below. 


Intelligent Manufacturing Control 

Chapter 2 examines the tight coupling of sensor technologies 
and software systems that manifests machine intelligence when 
some degree of synergy with a human interface is achieved. A 
framework is established for thinking about IMC in terms of do¬ 
mains of control that correlate with a compressed organizational 
hierarchy and levels of feedback time. Research efforts should be 
aimed at (1) developing technique-oriented communication stan¬ 
dards,- (2) refining sensor technology in data integration, pattern 
recognition, and actionable models,- (3) building knowledge bases 
of design, manufacturing, and management intelligence that can 
adapt to changing knowledge and organizational structures; (4) 
creating a dynamic model of manufacturing; (5) identifying ways 
to use the human-machine interface to facilitate learning in an 
integrated environment; and (6) redefining methods to accommo¬ 
date holistic research in a production environment (i.e., the fac¬ 
tory as laboratory). 


Equipment Reliability and Maintenance 

ERM, covered in Chapter 3, includes both manufacturing equip¬ 
ment and the technical, operational, and management activities 
required to sustain the performance of such equipment through¬ 
out its working life. ERM has the potential to affect three key 
elements of manufacturing competitiveness: quality, cost, and product 
lead time. Several cases illustrate effective applications of ERM 
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programs, both in the United States and abroad. The limited 
penetration of such programs in this country is attributed in large 
measure to manufacturing managers 7 lack of awareness of the economic 
benefits of improved equipment availability. Technological prob¬ 
lems that are associated with the implementation of ERM programs 
are considered to be more easily solved than are people problems. 


Advanced Engineered Materials 

Chapter 4 focuses on manufacturing involving advanced en¬ 
gineered materials (AEMs). Barriers to optimization outside the 
normal scope of manufacturing science and engineering are con¬ 
sidered, as are future needs and directions. Challenges to the 
integration of AEMs into manufacturing operations include (1) 
both the need to integrate processing methods into the design 
and development of new materials from the beginning and the 
need to instill awareness of and sensitivity to materials 7 proper¬ 
ties into process design paradigms; and (2) deficiencies in process 
simulation and modeling, knowledge-based systems applications, 
sensor applications, and technical cost modeling. Research should 
focus on needs in the areas of materials science and engineering, 
expanded and revised educational programs and objectives, and 
methods for better integrating materials-specific issues in manu¬ 
facturing paradigms. 


Product Realization Process 

Product realization is both a consequence of and a response 
to pressures of time-based competition. The product realization 
process (PRP), discussed in Chapter 5, has both technological and 
organizational components. Technological enablers are needed to 
support the development of a universal product image that will be 
in sync with the views of the many participants in the product 
life cycle. Existing information architectures will not support the 
development of such images. Development of a universal product 
image also will rely on and engender a need for alternative organi¬ 
zational structures. Tomorrow's business organization is expected 
to resemble less a hierarchy than a peer network configured for 
mutual benefit. Research in this area should be directed at defining, 
identifying specific instances of, and developing intelligent images; 
identifying and establishing the requisite connections among these 
images; and devising an organizational structure in which these 
concepts can be made operational. 
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Manufacturing Skills Improvement 

Effective deployment of advanced manufacturing technology, as 
pointed out in Chapter 6, relies on a host of skills that U.S. schools 
are neither cultivating nor preparing students to acquire. The first 
need is basic literacy. Then, beyond primary and secondary educa¬ 
tion, is a need for general engineering knowledge and the develop¬ 
ment of communication, team, and group dynamics skills. In the 
workplace, greater concentration is needed on the cultivation of 
apprenticeable and job-specific skills. Finally, the public must be 
made more aware of the importance of manufacturing to the na¬ 
tional economy, starting with the development of career guidance 
materials for all levels of the educational system. The new manu¬ 
facturing work force, destined to function increasingly as a com¬ 
ponent of human-machine cooperative systems, must be highly 
adaptable and possess multidisciplinary skills of a high order. 

Implicit in the research topics identified in each chapter is a 
need for fundamental change in both methods and kinds of re¬ 
search. The typical laboratory experiment is concerned with ob¬ 
serving a piece of a system, e.g., the signal-to-noise ratio is artifi¬ 
cially high, and many of the variables are controlled. The notion 
of control, taken for granted in the laboratory, is itself the object 
of experimentation in the factory. In a production environment, 
it is necessary to study an enormous amount of information, in¬ 
cluding production histories, for a variety of integrated processes 
The performance of an integrated production system can only be 
evaluated by observing the system as a whole in the factory. 

The factory as laboratory is the new research imperative. Il 
implies new ways of doing research, new forms of collaboratior 
across functions and engineering disciplines, and cooperation be¬ 
tween academic scientists and industrial practitioners. Therefore 
development of an architecture for learning is critical. How to sponsoi 
and promote the needed new forms of research is a fundamental 
question that must be addressed. 

VISION 

If the research proposed in this report is undertaken and prove; 
fruitful, if manufacturing learns from and adopts the fruits of tha 
research, if manufacturing gains well-deserved esteem, and if th< 
nation proves equal to the task of redirecting and reinvigoratuq 
its educational system, manufacturing might achieve the visioi 
summarized here. 
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Next-generation manufacturing will add more value during 
fabrication by placing greater emphasis on tailoring the specific 
properties of materials to specific uses. Highly specialized pro¬ 
cessing of metals, ceramics, and polymers stacked in interpen¬ 
etrating layers will yield radical improvements in materials' strength 
and toughness and greatly reduce weight. Techniques for produc¬ 
ing semiconductor materials at lower temperatures will dramati¬ 
cally reduce defects in devices of extremely small geometry. The 
design of next-generation manufacturing equipment will occur along 
with the design of the processes that will use this equipment and 
will draw on extensive bodies of performance data and user expe¬ 
rience. Recognizing the productivity gains that can be realized 
from improved equipment availability, manufacturing managers 
will implement extensive programs of predictive maintenance. 
Maintenance will be performed by equipment operators, interact¬ 
ing synergistically with intelligent control systems capable of predicting 
and, in some instances, preventing or automatically remedying, 
equipment and control systems failures. 

Intelligent control will extend throughout the manufacturing 
system. Autonomous control systems that achieve synergy be¬ 
tween human and machine will exploit human powers of percep¬ 
tion, pattern recognition, and problem solving in conjunction with 
machine capacity for manipulating vast amounts of quantitative 
data to learn from each situation encountered and decision made. 
The plant will become a locus of learning; linkages among indi¬ 
vidual intelligent controllers will support a systemwide view of 
the interrelationships among unit operations in the manufacturing 
cycle, facilitating the timely sharing of important process revisions, 
quality information, and overall system objectives. 

Product realization techniques will increasingly substitute the 
content of a burgeoning knowledge base for traditional material 
inputs to the manufacturing process. The reduction of product 
and process specifications and manufacturing capabilities to intel¬ 
ligent images, capable of interacting with one another, will per¬ 
mit entire product life cycles to be simulated to evaluate trade¬ 
offs before producing a prototype. Indeed, prototypes will increasingly 
become the first units of production rather than preproduction 
models. Emphasis on maximizing capacity utilization and mini¬ 
mizing investment will shift production to a largely subcontracted 
function. Firms, radically restructured internally, will use ad¬ 
vanced communications technologies to manage external relationships 
in a constantly shifting pattern, often cooperating and competing 
on different contracts at the same time. Global information sys- 
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terns will enable electronic virtual enterprises to access and < 
dinate the localized design and manufacturing capabilities oj 
lage industries all over the world. Nations' competitive posii 
will be determined by their positions in the world informs 
market, which in turn will be determined by investment ir 
information infrastructure. World boundaries will be deterrr 
less by national affiliation than by class affinity for informs 
categories. 

Production will increasingly be handled by highly skilled 
fessionals functioning as components of human-machine c 
erative systems, and integrally linked with management func 
in a compressed ("flat") organizational hierarchy that is ch 
terized by peer-to-peer relationships. Manufacturing careers 
be highly regarded and avidly pursued by well-educated y 
who have been familiar with manufacturing enterprise sine 
ementary school. Colleges will turn out Renaissance engii 
and business schools managers who understand technology 
the workings of their plants as well as the composition of 
balance sheets. Job-specific skills will be imparted throug] 
tionally coordinated vocational and apprenticeship program: 
satellite distribution networks. 

Manufacturing will be regarded as a national asset, to be 
tected, cherished, and nurtured. Esteem for manufacturing 
rise to the level of its technology. 

NOTES 

1. Manufacturing in this report is understood to be the processing 
material inputs and the assembly, mixing, or other coalescence of outpui 
high-quality, low-cost, salable products. The contrasting use of "manufact 
in Chapter 6, Manufacturing Skills Improvement, is not a definition but 
important image issue. It reflects a perception of the definition that is ii 
ingly at variance with the reality of manufacturing that employs advancet 
nologies. Qualifying this perception is very important to building career ej 

2. Under Secretary of Defense (Acquisition). 1988. Bolstering Defei 
dustrial Competitiveness. Report to the Secretary of Defense. 1-2, 6-10. 

3. Hayes, R. H. and Jaikumar, R. 1988. Manufacturing's crisis: Nev 
nologies, obsolete organizations. Harvard Business Review (September-Oc 
77-85. 

4. Drucker, P. F. 1990. The emerging theory of manufacturing. F 
Business Review (May-June): 94-102. 

5. Gone fishing. 1990. The Economist. 314 (January 6): 61-62. 

6. Richards, B. 1990. Wanting workers. Wall Street Journal Reports: 
tion (supplement) (February 9) R10. 
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Intelligent 

Manufacturing Control 


AIanufacturing control historically has been adap- 
tive, using sensors to detect out-of-tolerance conditions, feeding the 
information to a controller, and changing process parameters to bring 
output back within tolerance limits. This highly localized approach 
is no longer sufficient. As processes grow in complexity and as 
intense, increasingly global competition drives firms more frequently 
to introduce products with more variations, the need to augment 
existing process control techniques has grown apace. This chapter 
describes the tight coupling of sensor technologies and microproces¬ 
sor-based software systems that manifests intelligence by learning 
from experience and exhibiting some degree of synergy with a hu¬ 
man interface. Here, we present a framework for thinking about 
intelligent manufacturing control (IMC) in terms of a compressed 
organizational hierarchy and shorter feedback time. 

IMC is a distributed, hierarchical approach to the control of 
manufacturing processes. It employs electrically coupled com¬ 
puter-based hardware controllers and process sensors in conjunc¬ 
tion with a trained, self-directed work force to process physical 
state and historical data derived from the manufacturing environ¬ 
ment. IMC has a twofold objective: (1) to satisfy product quality 
and process control requirements for existing products and processes, 
and (2) to be adaptable enough to do the same for future products 
and processes by providing a way not only to control the manu¬ 
facturing process, but also to promote learning that will lead to 
process improvement. 
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In a broader context, IMC encompasses all systems that affect 
the manufacturing floor, including: 

• product and process design systems, including engineering 
and vendors,- 

• facility systems, including environmental and maintenance 
support; 

• personnel systems, including training and subcontracting; 

• order entry and requirements forecasting by sales and mar¬ 
keting personnel, dealers, and distributors; and 

• physical distribution systems, including warehousing and 
transportation. 

In practice, these systems usually are considered only at the 
interfaces to the manufacturing environment, where their effects 
are described heuristically and statistically. 

To describe IMC in the broadest context, five levels of tradi¬ 
tional plant hierarchy are here compressed into three, which per¬ 
mits a simpler organization and provides an avenue for establish¬ 
ing interactive links with manufacturing areas examined in other 
chapters. This compression is consistent with the current trend 
in industry toward a general flattening of organizational hierar¬ 
chies. 1 The requirements for IMC include a temporal dimension. 

Figure 2-1 uses a logarithmic scale to correlate 10 levels of 
feedback time—ranging from 0.01 second to one quarter of a year— 
with three domains of intelligent control. These domains are 
shown opposite the three levels of the factory hierarchy on the 
vertical axis. 

In the domain of process control, a precisely stated contingency 
procedure operates in real time at the machine level without hu¬ 
man intervention. In the domain of observation and pattern rec¬ 
ognition, the efficacy of procedures defined in the domain of pro¬ 
cess control is observed; contingencies in the behavior of procedure 
are studied; and improvements are made. Problems are solved at 
the cell level. The domain of learning and improvement is one of 
choice, where the options available for improving a system are 
assumed to be numerous and available resources to be limited. It 
is in this third domain, at the plant level, that economic choices 
are made about which avenues of process improvement to pursue 
in view of supply and demand, resource utilization, and other 
production management functions. IMC spans all three domains. 

Finally, this chapter assesses the human skills and machine 
complements that are needed to achieve IMC. In general, high¬ 
speed technologies tend to push decision making down to the 
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FIGURE 2-1 Levels of control versus hierarchy. Source: Adapted from R. 
Jaikumar, An architecture for a process control costing system, in Measures 
for Manufacturing Excellence. R. S. Kaplan, ed. 1990. Boston, Mass.: HBS 
Press. 193-222. 


unit level. Increased decision making at this level requires more 
highly skilled and autonomous workers, and more effective com¬ 
puter-based, real-time control diagnosis and decision support tools. 
(See case studies in the section on present and future practice on 
pages 42-49.) 

Current sensor technology encompasses visual, ultrasonic, 
thermal, chemical, inertial, electrical, tactile, and audio sensors. 
These can be used singly or in combination to 

• provide highly detailed macroscopic information on dimen¬ 
sion, position in space, shape, velocity and acceleration, global or 
local temperature, and compositional distribution,- 

• detect a variety of other physical, chemical, electrical, opti¬ 
cal, and magnetic properties,- 

• probe internal macro- and microstructure to measure pa¬ 
rameters such as grain size, texture, and the presence, size, and 
distribution of voids or other defects; and/or 
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• determine material characteristics at the atomic and mo¬ 
lecular levels. 

Used as transducers, to trigger as well as sense signals, and to 
perform analog-to-digital conversions, such sensors can monitor 
and control a wide range of manufacturing operations and pro¬ 
cesses. IMC is concerned with using these devices in concert 
with human knowledge and automatically learned relationships 
to provide closed loop, real-time control of critical engineering 
and manufacturing processes. This control is essential for process 
stability and for maximizing quality, performance, and reliability 
while keeping costs low. 

In sum, IMC implies an ability to (1) assimilate and validate 
sensory information from a variety of sources, (2) make reasonable 
assumptions about an operating environment, and (3) execute suitable 
action plans based on both scientific models of a process and 
experience gained from executing prior action plans. A model 
that can learn from prior actions and adjust itself accordingly 
must thus be devised. 

IMPORTANCE 

IMC has the earmarks of a science that today is uncharted, 
but that has tremendous implications for the future. Its extensive 
use of computer technology builds on U.S. strengths in cognitive 
science and computers and systems and provides an avenue for 
strengthening the transfer of knowledge from the laboratory to 
the manufacturing floor. This will occur as the distinction be¬ 
tween laboratory and factory fades, with the latter necessarily 
becoming the locus of experimentation. IMC will change the way 
people think about knowledge transfer. It will change the culture 
of improvement, shifting emphasis away from transferring tech¬ 
nology from the laboratory to creating and exploiting technology 
in the factory. 

The need for IMC systems is being driven by the increased 
precision and decreased cycle times demanded by today's intense 
competition and by business needs for improved product quality. 
Given the increasing use of technology in manufacturing, and the 
growing volume and complexity of information and information sources, 
unaided human decision making is becoming less and less opti¬ 
mal—decisions made by people simply take too long and fail to 
reflect the richness of available data. But to leapfrog to the concept 
of the "lights-out" factory is to overlook the value of the people on 
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the floor. In order to process increasingly complex information in a 
shorter time, new tools must be developed to leverage human cogni¬ 
tive abilities. This is precisely the vision for IMC. 

Even within the limited context of the manufacturing floor, 
the issues associated with IMC are numerous and technically chal¬ 
lenging. Yet to be resolved are issues faced by early users and 
suppliers of such systems—issues related to data acquisition, corre¬ 
lation, presentation, and quality control, simulation of control deci¬ 
sions, learning from process disruptions, understanding process com¬ 
plexity, standardization in system implementation, and more efficient 
user training. A description of each of these issues follows. 

Data acquisition. U.S. manufacturing is characterized by thou¬ 
sands of types of data, interfaces, and sensor requirements. One 
issue is the infrequent use of computerized machine controllers 
by U.S. manufacturers relative to manufacturers in other coun¬ 
tries. Without such controllers, data for IMC are simply not available. 
Another issue in process measurement is the low reliability of 
gauges, which can corrupt control data. A third issue is the need 
for communication protocols for moving data to control points. 

Data correlation. The problem of combining different types 
of data must be solved. When the underlying process physics are 
understood (e.g., in steel rolling), data fusion can be algorithmically 
described and handled by computer-based controllers. In most 
manufacturing today (both discrete parts and process industry), 
data fusion is performed by a human operator or supervisor. 

Data presentation. Presentation of data becomes critical when 
humans act as controllers. X-R charts for statistical data are one 
approach—well-known in manufacturing—for reducing the time 
to operator action. 2 More such presentation methods are needed 
to reduce to actionable information the enormous amount of avail¬ 
able manufacturing data. 

Data quality control. Collection and correlation of data is 
necessary, but not sufficient, to meet the needs of IMC. Data 
from which knowledge is to be extracted must be of uniformly 
high quality; this is generally not true of raw data. Automatic 
methods of identifying and eliminating errors, gaps, and redun¬ 
dancies in data are needed. 

Simulation of control decisions. Data presented to a human 
controller must be analyzed and a control option selected. To 
optimize the control decision, historical information in the form 
of expert advice or root cause analysis is required. It should be 
possible to simulate a critical control decision to ensure that it is 
the optimum selection. 



Learning from process disruptions. Each disruption of a pro¬ 
cess needs to be recorded, the problem identified, its cause deter¬ 
mined, and a way devised to prevent it from happening again. This 
task requires access to processing data that may be highly precise, at 
the microsecond interval and across the entire system, and include 
historical data on similar disruptions. In addition, such data, being 
problem-specific, would change from one disruption to another. Process 
learning relies on an ability to adjust rapidly to the changing needs 
of different problems and to link information from a wide variety of 
data bases. To be useful, such data must be statistically significant 
and thus may require variable recording times. 

Understanding process complexity. In certain industries, such 
as the integrated circuit industry, the complexity and number of 
processes overwhelm all other considerations. In some chip manu¬ 
facturing situations, for example, the process limits are so strictly 
adhered to that a yield of only a few percent is allowable. In such 
industries, the basic need is for a much better understanding of 
the processes involved. A scientific point of view might dictate 
explicit modeling of the processes. From a control perspective, it 
might be enough to understand the interaction parameters suffi¬ 
ciently well to provide appropriate control compensation in real 
time. 

Standardization in system implementation. Because every 
manufacturing environment is unique, standardization of control 
architectures, communications, data base structures, information 
graphics, and computer applications software is necessary to re¬ 
duce the cost of implementing IMC. Creative financial programs 
and approaches to technology upgrades are needed to encourage 
start-up. 

More efficient user training. Because control is distributed 
and centralized decision making is often inefficient, IMC systems 
require a new type of operator and new organizational structure. 
The work force must be trained to use computer-based information 
tools to make local control decisions. Management must be reor¬ 
ganized and its role changed from traditional decision making to 
coaching. Managers, particularly in smaller companies, must be 
shown that new manufacturing technologies not only are available, 
but also are vital to their firms' long-term health. 

VISION 

To imagine manufacturing with intelligent control, it is helpful 
to recall the Martian Rover. Deposited on the surface of Mars, this 
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highly reliable mobile robot manipulated a variety of tools, responded 
to numerous sensors, performed experiments, and learned from and 
adapted to its environment. Its use of hierarchical, local, decentral¬ 
ized control to operate untended and deal with contingencies in an 
unpredictable environment was observable remotely (from another 
planet!), allowing its control algorithms to be studied, improved, 
and effectively reintroduced into the environment. The notion of 
remote control—of running a process from behind a wall, without 
seeing, touching, or feeling any part of it—is implicit in IMC. 

The human observer brings to the analysis of an unfamiliar 
scene broad knowledge tied to perceptual skills, and the ability to 
review, and perhaps rethink, a scene from different perspectives. 
Such dynamic interplay among sensors, analysis, and knowledge 
is necessary for learning about a sensed environment to be able to 
respond to changes in it. Lacking this integration, current ma¬ 
chine vision and sensor systems have limited ability to work in 
uncontrolled or changing environments. Many plant installations 
of sensor technology have ultimately failed, not because the sensor 
technology was wanting, but because conditions changed relative 
to those for which the sensor and control strategy were optimized. 

Current inspection and robotic guidance analysis systems must 
accept input in whatever form sensors provide it. The sensors do 
not know whether the data they provide is of any use and the 
analysis system does not know what specific changes in the data 
might mean (e.g., that a light bulb has just burnt out). The basic 
dynamic interplay employed by a learning child can close the loop 
around data acquisition and analysis,- the development of com¬ 
puter-based analogs, such as the Cooperative Hierarchical Image 
Learning Dynamics (CHILD) begun and partially completed by 
the Industrial Technology Institute, could be a major step toward 
truly autonomous robotic capability. 3 It is this dynamic interplay 
that leads to adaptation and modification of knowledge, which, in 
turn, opens the way to novel inquiries and greater understanding. 
Application of such image learning dynamics would produce truly 
flexible manufacturing systems that could identify or sort mixed 
parts or direct robotic applications in less controlled environments. 

CHILD entails development of four basic building blocks as 
a foundation for the required interplay of dynamic interaction. 
These are: 

• an adjustable image acquisition module, which includes adapt¬ 
able imaging, lighting (irradiance), and/or any other sensor sys¬ 
tems to be used; 
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• an image (or other data) analysis module, which will be the 
computer complement most suited to analyzing the data provided 
and controlling the parameters at hand; 

• a knowledge base module, which will make a broad base of 
knowledge—of the sensor systems and what they can do, of the 
environment and natural laws, and of the object (be it a production 
part, a machine, or a satellite)—available on a hierarchical level; and 

• an executive control module, which will be able to solve 
simple problems, learn from experience, and coordinate the activities 
of the other modules. 

Learning about the environment and effectively responding to 
contingencies involves a synthesis between human and machine, 
local control, and central intelligence. An intelligent controller 
must be able to communicate with heterogeneous data bases, learn 
from similar or related instances, and incorporate a model of con¬ 
trol for different contingencies. This model must be autonomous, 
i.e., capable of operating with or without human intervention. An 
even more powerful paradigm for control exploits the human powers 
of perception, pattern recognition, and problem solving and the in¬ 
telligent manufacturing system's ability to manipulate vast quan¬ 
tities of procedural knowledge. Manufacturing control systems 
built on this paradigm exhibit synergy between human and ma¬ 
chine and an ability of both to learn and they incorporate a dy¬ 
namic model of this world. 

The vision for intelligent control is of control across the 
breadth of the nation's manufacturing systems. It is not imple¬ 
menting optimal control for achieving stated processing goals for 
a unit operation, but rather creating systemwide views of processing 
that take into account the interrelationships among individual 
unit operations in the manufacturing cycle. Given such views, it 
is possible to affirm the goals for any one of a chain of processes 
and clearly recognize the implications of material, process, or product 
deviations. With linkages among individual intelligent controllers 
in the manufacturing chain, important process revisions, quality 
information, and overall system objectives can be shared with 
minimal lag time. 

The intelligent controller implicit in this vision must be 
capable of establishing and executing process plans that both reflect 
operator know-how and model-derived principles and are aimed 
specifically at controlling product attributes. To maintain processing 
flexibility in an environment characterized by rapid maturation of 
process, material, and product applications, IMC must exploit control 
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technologies that do not (1) restrictively prejudge interrelation¬ 
ships among key process parameters, (2) assume certainty of con¬ 
trol objectives, or (3) prematurely determine linkages between process 
behavior and product quality. 

Adaptive control, though it responds to environmental change, 
is based on some fixed model of a process and is local in terms of 
the information it gathers and the control it exerts. IMC, in 
contrast, analyzes and uses historical information about its own 
actions, together with systemwide information from many sensors, 
to adjust its model of the world and effect novel action plans. 

Knowledge-based systems that clone the knowledge of one or 
more experts to improve understanding and control of a process 
already are in use in some applications such as steam turbine 
generators, diesel locomotives, and wave-soldering machines. 4 The 
next steps are to effect a synergy between these expert systems 
and the humans whose knowledge they embody and to implement 
methods for learning by example. This will optimally be achieved 
by using all available information. This information might take 
the form of known rules and algorithms or patterns of response 
learned by example. Learning must take place with every deci¬ 
sion and situation. The characteristics that make manufacturing 
environments ideal for learning—information sources that are multiple, 
complex, dynamic, and accessible—are also responsible for the 
difficulty of learning. 

IMC is more than knowledge-based systems for process con¬ 
trol; its purpose is not to exploit operating expertise, but to con¬ 
vert operating experience into a manufacturing science. This con¬ 
version will require very close interaction between the scientific 
community and the manufacturing plant. The plant must be the 
locus of research because only there can entire processes, rather 
than isolated steps of a process, be studied. At the same time, it 
is the scientific process that provides the methods of learning by 
which a logical model capable of representing entire processes can 
be built. In plants, pressure for control overwhelms scientific 
understanding. The scientific community's interest in the devel¬ 
opment of a manufacturing science must be turned into the re¬ 
sources required to build needed learning systems within the con¬ 
text of the plant. 

PRESENT AND FUTURE PRACTICE 

The implementation of IMC depends on both machine-related 
and business- or environment-related manufacturing assumptions, 
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greater intelligence in the form of precise and complete sets of 
contingent procedures, and versatility and generalization of deep 
process knowledge. It relies on the replacement of scale econo¬ 
mies by learning economies and the existence of a systemwide 
architecture that encompasses information structure, organization 
of human resources, and process structure at all levels of the 
hierarchy and on the nature of the decision making at each level. 


Manufacturing Assumptions 

Manufacturing assumptions today are vastly different from 
those of only a few decades ago. A fundamental shift in the 
paradigm of production is taking place—from managing materials 
processing to managing information—in which machines are seen 
increasingly as extensions of the human mind. Any discussion of 
IMC, whether in discrete or process industries, must consider two 
broad sets of manufacturing assumptions, machine-related and 
business- or environment-related. 

Modern systems characterized by integration and intelligence 
are appropriately viewed as human-machine cooperatives. To un¬ 
derstand the significance of this shift, imagine the technology in 
the extreme. Consider a small group of engineers using a connected 
system of workstations to design and write the software for pro¬ 
ducing a product on any defined configuration of equipment any¬ 
where in the world. Once the procedures are created, machine 
capacity and materials become commodities to be bought and sold 
at whatever price can be obtained. What is preventing such a 
development is not the absence of mechanization, but the need 
for greater intelligence in the form of precise and complete sets oi 
contingent procedures. Developing these intellectual assets is 
today's technological imperative. 5 

The development of intellectual assets rests on a fundamen¬ 
tal, machine-related assumption—the versatility and generaliza¬ 
tion of deep process knowledge. Newer manufacturing systems 
have distinct advantages: they can be used to produce many dif 
ferent products, they are adaptable to changes in design or recipe 
and they can operate untended. Investment in such systems—ir 
people, equipment, and software—must be made before produc 
tion begins. The versatility of manufacturing systems and trans 
portability of procedures make the market for production capacity 
highly competitive and subsequently make the capacity itself ; 
commodity. The only premium that can be extracted lies in th< 
creation of new procedures for improved processes and products 
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Scale economies are replaced by learning economies, and firms 
compete by trying to create performance advantages and intro¬ 
duce new products more quickly. 

The versatility and generalization of deep process knowledge 
rests on another machine-related assumption—the existence of a 
systemwide architecture that encompasses information structure, 
organization of human resources, and process structure at the plant, 
cell, and machine levels. 6 The architecture of factory work that 
integrates information and materials processing, automated auxil¬ 
iary functions, and extreme flexibility and versatility would prob¬ 
ably be hierarchical. The system would use specialized, dedicated 
computers to operate machines, material-handling facilities, and in¬ 
spection processes and to manage cells throughout the plant in an 
integrated manner. Such hierarchical organization is used in almost 
all existing automated manufacturing systems and corresponds to 
the vertical organization of most present-day factories. 

Levels of decision making associated with these factories also 
are present in the hierarchical computer system (see Figure 2-1). At 
the lowest level, concerned with actual machine operation, is process 
information. Decision making at this level can employ adaptive 
control. At the intermediate level, where manufacturing operations 
are managed and contingencies and conflicts are resolved, are cell 
controllers. The principal decision-making function at this level is 
coordination and management of resources. At the plant level, the 
principal decision-making function is management of experimental 
procedures, capacity, and knowledge bases, and the resource alloca¬ 
tion methods for learning and control are strategic. 

Other manufacturing assumptions related to the machinery 
of production are high reliability, failure recovery (graceful degra¬ 
dation and restart), the existence of workstations and massive 
amounts of information, and consistency of data. 

The fundamental business-related assumption of the new manu¬ 
facturing environment is an economic representation of a world 
model, a complete description of contingent procedures for manu¬ 
facturing control viewed from the perspectives of factory, prod¬ 
uct, and process. These descriptions may reflect different levels 
of abstraction and precision, but must be consistent across the 
hierarchy. 

The increasingly innovation-based nature of competition de¬ 
mands quick start-up and transition with minimum waste of ma¬ 
terials, time, and human resources. This situation gives rise to 
business-related manufacturing assumptions associated with the 
development and management of intellectual assets, including: 
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person-machine interaction (operator training and instruction, and 
ease of use in a more complex world), economic management of 
disruptions (a new architecture for process control costing), ex¬ 
plicit modeling of disruptions, and intergenerational learning. 

Contingencies are typically brought to light by a product's 
failure to conform to specifications. Discrepancies—whether in 
consistency, location, shape, size, surface finish, or volume—can 
result from combinations of changes in four broad categories: 
mechanical, thermal, operational, and feedstock properties. Also 
of concern is whether changes are systematic (occurring with ap¬ 
proximately the same magnitude each time), random (occurring 
each time with different magnitudes and without apparent pattern), 
or both. Recognizing, diagnosing, and learning from contingencies 
requires high technical intelligence, both human and machine, 
and grounding in the scientific method. 

In the following section, a model for intelligent manufacturing 
control is developed, and the consequences of the various machine- 
and business-related manufacturing assumptions in the areas of in¬ 
tegration, control, and IMC. 


An Architecture for IMC—the World Model 

Figure 2-2 shows a classical model of adaptive control. Ide¬ 
ally, inputs are fed into a black box and subjected to procedures 
that produce an expected output. Environmental effects on the 
procedures may result in an actual output that differs from the 
expected output. Adaptive control consists of adjusting procedures 
to compensate for the detected difference between actual and ex¬ 
pected outputs, thus moving actual output closer to expected output. 
Adaptive control assumes that differences between actual and ex¬ 
pected outputs arise from environmental conditions and are therefore 
random; its only response is to make whatever adjustments are 
necessary to get back to the target value. 

A simple example of adaptive control is thermostatic control 
of room temperature. If the temperature rises above the upper 
setpoint on the thermostat, the heat is shut off; if it falls below 
the lower setpoint, the heat is turned on. The system cannot 
discern external causes of variation, such as the window being 
left open. It simply continues to turn the heat on and off when 
the temperature falls below or rises above the established setpoints. 
Beyond certain tolerances, differences between actual and expected 
outcomes become disruptions. IMC views these disruptions as hav¬ 
ing both random and systematic elements, and treats the latter as 
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FIGURE 2-2 Classical model of adaptive control. 
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assignable to a cause. Returning to the example of thermostatic 
control, an intelligent system would attempt to identify a system¬ 
atic element at work in too-rapid fluctuations in temperature. To 
do so, the system would need a logical model capable of represent¬ 
ing cause and effect relationships associated with the disruption. 
This model might consider, for example, outside temperature, build¬ 
ing insulation, and inside temperature and incorporate heat transfer 
equations and a mechanism for controlling doors and windows. Be¬ 
cause it must associate a cause and effect relationship with every 
disruption, and because disruptions are evolutionary, such a model 
can never be complete. It is thus always a model of search with a 
virtual structure. 

The logical model supplies the structure needed to relate a 
disruption to its possible causes and to refine the model progressively 
as more is learned about the process. Beginning with a simple 
matrix of causes and effects, progressive learning can lead to a 
scientific/mathematical model that can predict from a change in 
one parameter its consequences for downstream processes. 

Figure 2-3 shows the architecture of a world model for IMC. 
It has a process control loop for each process step and a logical 
model for every disruption that can occur at that step. This part 
of the world model extends the simple input/output model of 
adaptive control to take into account all known parameters of a 
process step and to deal with disruptions that occur over a num¬ 
ber of process steps. 

The progression from one logical model to the next is the 
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FIGURE 2-3 The world model for IMC. 


essence of IMC. At different stages of knowledge about a process, 
one would require different information and might run different 
experiments. These experiments may be explicit of or implicit in 
the operation of the process. 

At the plant level, manufacturing control consists in systemati¬ 
cally choosing which disruptions to address. Here, an economic 
representation of the effects of disruptions is required to guide prod¬ 
uct and process choices for the plant. In the world model, this 
representation takes the form of a logical model for deciding what 
resources to allocate for problem solving and learning. Because the 
factory is a dynamic, uncertain world, the world model is always 
evolving. Disruptions provide opportunities for learning, which 
in turn require the commitment of people and money. Modern, 
microprocessor-based manufacturing systems make available an 
enormous amount of disaggregated data. IMC supports the devel¬ 
opment of an evolutionary world model by allowing these data to 
be organized along the domains of process control identified earlier. 

The following sections examine the world model in terms of 
integration, control, and intelligence. 
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Integration 

Integration in IMC involves data accumulated over time, in¬ 
cluding data on past disruptions, and implies the ability to relate 
current disruptions to earlier, similar disruptions. In this tempo¬ 
ral context, IMC exists at three levels: (1) between machines and 
the flow of processes within a factory,- (2) among different func¬ 
tions, such as design, engineering, and manufacturing; and (3) be¬ 
tween human knowledge and machine intelligence. 

Machine-machine integration relies on an information struc¬ 
ture that is capable of supporting the breakdown of tasks in an 
uncertain, dynamic environment. Necessary are standards for data 
communication to support the comprehensive information objec¬ 
tives of the firm and a consistent world model that represents the 
factory as a system. The latter requires that performance levels be 
consistent across the hierarchy of control from plant to machine. 

Functional integration implies that information from the fac¬ 
tory can be used as a basis for learning, improving processes, and 
assisting in the design of the next generation of products and 
processes. Process models need to be constructed that can ex¬ 
press different levels of abstraction and different views of the 
same circumstances (i.e., the manufacturing view, the product 
view, and the process view). Such models of design and manufacturing 
management must be consistent across all three views and be 
able to adapt to change. 

The third level of integration, between human knowledge and 
machine intelligence, is discussed in the section on intelligence. 


Control 

Process control in a manufacturing plant relates to how a 
product is made rather than to what is made or when it is made. 
Process control generally takes place at the machine and the sys¬ 
tem levels. At both levels, control may be open loop, which 
requires one to recognize patterns and take action, or closed loop, 
which removes the human decision maker. The typical view of 
control presumes the existence of sensors that measure process 
outcomes, a model that recognizes discrepancies between expected 
and actual outcomes, and an algorithm that determines which 
process parameters must be changed and how (either to feed for¬ 
ward to correct the process in subsequent steps or feed back to 
correct subsequent output, or both). 

In a noisy world with faulty sensors, incomplete knowledge 
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of cause and effect relationships between process parameters and 
outcomes, and dynamic changes in the environment, closed-loop 
control is difficult at best. Even at the machine level it is not 
very effective. Control theory has provided some impressive results, 
but these generally have been applied to very restrictive domains. 
This situation is changing, however, with the growing ability to 
gather, assimilate, and make sense of masses of information in a 
variety of forms using developing techniques in artificial intelli¬ 
gence and with the building of intelligent systems that exploit 
available information and synergies between people and machines. 


Intelligence 

To use the flexibility inherent in modern manufacturing sys¬ 
tems competitively, the design process must be speeded significantly. 
The rapid learning implicit in doing so can be facilitated by using 
machine intelligence as an adjunct to human knowledge. Intelli¬ 
gent systems foster such synergy. 

The criteria for an intelligent system are that it be used for 
learning, that it be focused on technological know-how, and that 
its intelligence be the joint product of a person and a machine. 
This definition encompasses a variety of systems available today, 
including decision support, expert, and optimization systems. 

To exploit aspects of cognitive science that can lead to a 
technology of problem solving—the foundations of an applied cog¬ 
nitive science—it is not enough to model the mind as a machine, 
as in early artificial intelligence research, or to replicate human 
problem-solving processes in computer programs, as is done in 
expert systems. Instead, the knowledge of a given problem do¬ 
main must be exploited by (1) separating well understood or for¬ 
mal elements from poorly understood or informal elements, (2) 
using the formal elements to enhance understanding of the infor¬ 
mal elements, and (3) continuously transforming the informal 
elements into formal ones. 

The separation and subsequent reintegration of formal and 
informal elements is the essence of cognitive activity and the 
function of any intelligent system. As the progress of technology 
is marked by an increase in formal abstraction, the architecture of 
an intelligent system can be judged by its inherent degree of for¬ 
mality and the extent to which this can be increased. To under¬ 
stand how formality is enhanced in an intelligent system, the 
problem-solving process—how problems are recognized, posed, and 
solved—must be studied. 
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How are problems recognized in technological development? 
The traditional view is that they are recognized in the design stage 
and steps are taken to forestall them. In practice, problems are 
more often recognized after the fact, as contingencies arise and causes 
are sought. Problems can only be recognized at the design stage in 
manufacturing environments that are well understood, which im¬ 
plies that they are static. More generally, problems arise unex¬ 
pectedly in uncertain, ambiguous, and dynamic environments. 

How problems are posed is inextricably linked to the way 
knowledge of a problem is organized and represented. The tradi¬ 
tional view is that knowledge is organized in categories, and that 
theories are developed that relate these categories, creating new 
ones or collapsing several into one. The dynamic view is that 
knowledge is organized around prototypes that have implicit internal 
relationships, and that problems are posed as searches aimed at 
identifying the degree of similarity to a typical member of a prototype 
and elaborating on the internal structure of that prototype. 

How are problems solved? Here, again, the extreme views 
can be characterized as traditional and dynamic. The traditional 
view holds that precise procedures can be written for solving problems 
through logic and reasoning. The dynamic view is that problems 
are solved by means of some combination of experience, judgment, 
experimentation, intuition, and skill. 

These views have a certain consistency. The traditional approach 
to problem recognition, the organization of knowledge into categories, 
and the formal method of problem solving are consistent with the 
notion of technology as science. The dynamic approach to problem 
recognition, the organization of knowledge around prototypes, and 
informal methods of problem solving are consistent with the notion 
of technology as expertise. These two perspectives lie at the 
upper and lower bounds of process knowledge. An intelligent 
system can simultaneously take both perspectives and exploit the 
synergy between science and expertise to move progressively to 
higher planes of knowledge. 

An architecture of control for an intelligent system relies on 
five central premises: 

1. problem solving is begun with partial knowledge of the 
problem domain,- 

2 . this knowledge comes in chunks,- 

3. these chunks can be formally represented and manipulated; 

4. relationships between chunks can be seen, theorized about, 
and tested in the external environment,- and 
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5. human rationality is bounded and judgment theory is value¬ 
laden and biased. 


Case Studies 

Two cases—one involving a wire-drawing operation, the other 
a chemical plant—are used here to illustrate issues of control, 
integration, and intelligence in IMC. 

Both cases involve numerous processes that are subject to 
disruptions. Because a disruption in one process can originate in 
an earlier process, IMC must be able to establish such relation¬ 
ships. Traditionally, this has been done by searching historical 
data for "similar" discrepancies between recipes and effects. The 
concept of the logical cell (introduced with Figure 2-1, and ex¬ 
panded upon in the wire-drawing case and implicit in the chemi¬ 
cals case) provides a structure for searching process control data 
bases and for controlling process parameters through closed-loop 
feedback. The objective is ultimately to move from a rule-based 
system to a system that begins to approach a science. IMC at this 
level serves the development of recipes and products, as seen in 
both of the following cases. 

It is readily apparent from these cases that much work is 
needed to achieve the vision of IMC described in this report. The 
state of the art will not move beyond that depicted in these cases 
unless industry and academe mount a concerted effort and commit 
the necessary resources. 


IMC in the Wire-Drawing Industry 

The 1985 introduction of microprocessor control in the wire¬ 
drawing industry and that industry's rapid adoption of computer- 
integrated manufacturing (CIM) have afforded an opportunity for 
cooperative development of an architecture for IMC. Preliminary 
results of the efforts of one firm working jointly with academic 
researchers to introduce IMC in one of its wire-drawing plants are 
reported below. 

To preserve the firm's anonymity, this account is set in a 
generic, pre-1985 installation. A typical wire-drawing plant has 
two large pickling machines, 200 dry wire-drawing machines, 20 
heat-treating installations, 1,000 wet wire-drawing machines, and 
100 finishing lines, all laid out functionally. Such a plant makes 
between 150 and 1,000 different products. Wire rod received on 
spools is tested for properties related to the raw material and 
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stored. The spools are subsequently pickled (cleaned in an acid 
bath), then loaded into an unwinding spool bin and the wire is 
pulled through a series of progressively smaller dies to lengthen it 
and reduce its diameter by adding stress and changing its crystal¬ 
line structure. Next, the wire is heat treated to relieve the stress 
and then coated with different substances to change its surface 
structure. The wire is wound back onto spools, transported to a 
wet wire-drawing operation, and then to finishing operations such 
as cutting, galvanizing, and coating with adhesives. 

Wire fractures, the most vexing problem in the wire-drawing 
process, result from process variance and are reflected in poor- 
quality end products. Process variables number in the hundreds, 
as do possible responses to a wire fracture. To enable operators to 
cope with these many degrees of freedom, attention-focusing and 
control mechanisms are needed. 

Today, different steps in the process are located in different 
parts of the plant under their own supervisory structures. Informa¬ 
tion about the impact of heat treating, which is done in one part of 
the plant, on wire-drawing, which is done in another, is not captured. 
In fact, process variance is not analyzed systematically,- a process 
that is out of control is handled by ad hoc engineering analysis. 
Consequently, no learning occurs and history repeats itself. 

IMC could provide the mechanisms needed to identify prob¬ 
lems and adjust process parameters, both upstream to prevent 
problems from recurring, and downstream to correct for process 
deficiencies. It could also help management make trade-offs be¬ 
tween managing production and running experiments to isolate 
process problems. 

An automated, continuous wire-drawing process is currently 
being developed that places process flows under the control of one 
system for similar products, significantly reducing the required 
machine complement. The typical automated plant will probably 
still have two pickling machines, but only 10 dry-wire drawing 
machines, one heat-treating installation, 500 wet wire-drawing 
machines, and 50 finishing lines (representing a 95-percent decrease 
in dry-wire drawing and heat-treating equipment, and a 50-per¬ 
cent decrease in wet-wire drawing machines and finishing lines). 

When all of these microprocessor-controlled machines and 
the processes that run on them are integrated under a hierarchical 
control structure a decision maker will be able to track every 
process parameter that operates on every meter of wire that goes 
through the line. For example, during heat treating, the location 
of a given meter of wire can be known when different furnace 
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burners are opened and closed. Thus, the decision maker can 
know not only the ambient temperature of the furnace at any 
given time, but also the finite states of a number of operating 
parameters. This means that the decision maker will have data, 
never before available, that describe the sequence of events that 
acted on a meter of wire precisely when a fracture occurs. 

Consider just the wire-drawing process. Certain parameters 
relate to the incoming material, certain parameters to the outgo¬ 
ing material, and certain parameters are fixed for the entire spool. 
Control parameters change with every meter of wire. One can 
use the information gathered on fractures to make changes in the 
microprocessor controller during the process and affect key pro¬ 
cess variables in the outcome. The algorithm for control can be 
changed, the results of experiments observed, and new changes 
introduced. The decision maker can use this information in both 
day-to-day production decisions and in the development of algo¬ 
rithms to create new process capability over the long term. 

The systemwide structure of IMC permits a plant to be orga¬ 
nized into virtual cells for problem solving. These cells can be 
either horizontal (i.e., logical groupings of different machines) or 
vertical (i.e., logical groupings of machines of the same kind). 
The actual configuration will be related to the point of view (i.e., 
product, process, or manufacturing) and the problem being solved 
rather than to the location of machines. 

Consider the horizontal cell in Figure 2-4, in which the out¬ 
put of several dry wire-drawing machines is passed through fur¬ 
naces to a chemical bath. If suboptimal procedures in the fur¬ 
naces can be detected, that information can be fed forward to 
make compensating adjustments to parameters associated with 
the bath. Or consider the vertical cell in Figure 2-5, which shows 
a number of wet wire-drawing machines that produce strands that 
are wound into cable. Current practice with wet wire-drawing 
machines is to make the output as consistent as possible and 
wind strands together randomly. With IMC, it becomes possible 
to know the precise diameter of each strand from each machine 
and thus to wind strands selectively so as to produce cable of just 
the right gauge. At the dies themselves, process control today 
relies on heuristics rather than understanding. With sensors, in¬ 
formation can be fed back within a single die, thus gaining an¬ 
other level of intelligence. 

The IMC system described above is event-based, statistical in 
nature, and attention-focusing. It allows construction and subse¬ 
quent refinement of models of production processes. These char- 
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icteristics permit distinctions to be made between systematic and 
random events, detection of novel events and patterns of events, 
md evaluation of features of interest. A complete picture of events 
can be captured and compared to expectations and alternative 
procedures. Economic values can be assigned to these procedures 
md relevant variations and experiments can be suggested. 

Within eight months of developing an IMC system to control 
wire drawing on one line, fractures on that line were reduced 
fourfold. In addition, the firm expects to realize a tenfold in¬ 
crease in productivity. Because the architecture being used is 
general, many different implementations are possible. 
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FIGURE 2-5 Vertical logical cell used to enhance control across machines 
of the same type. 
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IM.C in the Chemicals Industry—Five Years from Today 7 

This case examines the future organization of a chemical plant 
that reflects the implementation of a host of existing or develop¬ 
ing advanced process control technologies such as: 

• three-dimensional (3-D) computer-aided design (CAD) im¬ 
aging with walk-through and a computer interface (X-window); 

• object-oriented modeling; 

• multiple, integrated views of project design data, including 
an integrated dynamic process model; 

• a standard interface that allows transfer of dynamic data 
between the plant control system and the CAD system; 

• expert systems that provide embedded explanations of de¬ 
sign concepts and current states of control systems; 

• fiber optic sensing with embedded diagnostics; 

• chemometrics with neural computers providing on-line com¬ 
position,- 

• global access to process data,- and 

• natural language translators. 

These technologies provide the operator's only view of pro¬ 
cesses that take place entirely within pipes and tanks—the notion 
of operating from behind a wall. Hence, the case plays out en¬ 
tirely in the control room. 

In this hypothetical chemical plant, operators no longer spend 
15 or 20 minutes catching up at shift change. Everything they 
need to know is now in the control room log, which is integrated 
into the business and maintenance systems. An incoming opera¬ 
tor can tell, for example, that the product the plant switched to 
last shift, Betafon-134, is right on target in terms of the forecast 
for orders, and that the Zexene column has fouled and will have 
to be cleaned, a condition that will warrant analysis during the 
operator's shift. 

Interaction with the operating system has become much easier. 
A large, flat wall display has replaced numerous cathode ray tubes 
for systems with different user interfaces. The new display is 
used by a distributed control system and several host computer 
systems. It has a single user interface: a glove that the operator 
can point at any part of the display and a headset for giving in¬ 
structions to the integrated control system. 

The display uses 3-D CAD imaging instead of menus and 
faceplates and gives the operator a videolike view of the process. 
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To examine the fouled Zexene column, for example, the operator 
voices a command into the headset mike and an exploded view of 
the Zexene column appears in an overlay. After voicing another 
command that causes the column to flash in blue, confirming 
that it is the right one, the operator asks the expert system for 
current data. Pertinent information overlays the image. 

Suddenly, the operator is alerted to a more immediate prob¬ 
lem—the Topper distillation column is flashing yellow, with the 
rest of the process running normally. A high-level diagnostic 
indicates that the column's control system is no longer in the 
normal state. This multivariable controller, which usually regu¬ 
lates controls at both ends of the column to on-aim control, has 
diagnosed the failure of its tails analyzer. The sensor's on-line 
diagnostics indicate that the fiber-optic probe has failed, causing 
the control system to rely on its on-line model to predict compo¬ 
sition. The system has already automatically sent a priority elec¬ 
tronic mail message to the analyzer specialist. The operator asks 
the system to predict the cost of the analyzer outage and is told 
that the model-based control system is compensating well but 
significant degradation in quality is likely. The operator asks the 
system to analyze the cost of switching to another product while 
running under degraded control. The results show that a switch 
to Gammafon-39 will allow the model to predict the tails compo¬ 
sition much more precisely. A check of the integrated production 
planning and scheduling system indicates that the switch will not 
disrupt customer shipments, although it will increase plant costs 
somewhat. The operator uses the special glove to select Gammafon- 
39 from the product menu, voices the command to make the 
change, and then dispatches an electronic mail message to the 
team leader. 

Frequent problems attended the old analyzer's sample sys¬ 
tem. Because the system could not explain its changes, operators 
often went manual when it did something they did not understand. 
Often the plant ran for days with bad composition data without 
the operator being aware of the failure. The fiber-optic probes of 
the new chemometric sensor look at the process stream directly, 
eliminating the need for a sample system. The operator does not 
need to understand the calculations in the neural computer to be 
confident that the system will accurately predict product compo¬ 
sition and diagnose any problems. 

Another multivariable controller indicates a reduction in mono¬ 
mer recycle to the Step A reactor. The on-line expert system 
informs the operator that the control system has detected a subtle 



change in catalyst activity, necessitating a reduction in the re¬ 
cycle rate for a short time until the catalyst can recover. 

The operator is interrupted by the plant support engineer, 
who has dropped in to review some preliminary information on a 
new project aimed at increasing plant capacity. On a corner of 
the wall display, the engineer brings up a 3-D CAD image of the 
upgrade design, which is a composite of a conceptual design pre¬ 
pared by the corporate engineering design division and some de¬ 
tail design from the local regional engineering office, both sent to 
the plant electronically. Additions to the process are highlighted 
in green, modifications in yellow, and the existing process in blue. 
The engineer pulls up a schematic of a new reactor on the screen, 
notes the calculated residence times, and sees the plots from a 
simulation done by a consultant. The operator observes that the 
feed to this reactor from the existing process is very erratic. The 
engineer, wondering what effect this would have on reactor efflu¬ 
ent composition, obtains from the plant control system flow data 
from that part of the real process for the past two months and 
uses the data to drive a simulation embedded in the conceptual 
design. The results suggest a problem, and operator and engineei 
decide to send the conceptual design, together with the plant data ; 
back to corporate engineering design. 

The operator, gesturing with the glove and voicing commands 
to recall the Zexene column display, reviews various formats thal 
suggest that increased plugging in the column may be related tc 
reduced catalyst activity in the Step A reactor. The operator runs 
analyses of last year's plant data and data for a similar plant ir 
Japan and finding a correlation in the data from the Japanese plant 
sends an electronic mail message to the plant engineer. 

The phone rings and the operator is soon involved in a con 
versation that is a mixture of English and Spanish. A Spanisl 
swimwear manufacturer needs a new Betafon product for a nev 
swimwear line that adheres to some very tight specifications. The 
English-Spanish dialogue was a result of operator and custome] 
mastering one another's language using a computer-based transla 
tor that provides interpretations of the conversation in the language 
of choice. Unable to provide an immediate solution, the operato] 
calls an engineer at the Japanese plant and then calls the cus 
tomer back. For several minutes, the operator (in the U.S.) anc 
the engineer (in Japan) pan back and forth on the display screen 
monitoring key variables throughout the process while the custome: 
(in Spain) explains the problem. The customer sends the enginee: 
a computer model—generated by a modeling package provided b3 
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the chemical company—describing the properties needed for the 
new line of swimwear and thanks the operator for making the 
connection with the Japanese engineer. In coming weeks, operator, 
engineer, and customer will become a tightly knit team as they 
work on the new Betafon product. 

PRIORITIZED RESEARCH RECOMMENDATIONS 

The panel believes that research in IMC must be directed at 
developing techniques for breaking down and refining knowledge as 
a foundation for building knowledge bases that are capable of adapt¬ 
ing to change. Promoting synergy between people and machines is 
an essential part of this task. Research aimed at producing a world 
model for IMC should focus on high-level supervisory control that 
Links both depth and breadth of knowledge. Research is also needed 
to develop data communication standards, sensor integration, and 
mechanisms for facilitating learning in an integrated environment. 
The necessary research must be jointly undertaken by industry and 
academe and must employ the factory as a laboratory, a theme shared 
with Chapter 3, Equipment Reliability and Maintenance. 

In prioritizing its research recommendations, the panel con¬ 
cluded that productive areas of research in IMC lie at the cell 
level. In a world of dynamic product and process change, manu¬ 
facturing must go beyond statistically controlling processes to building 
process capability. 

To meet requirements for adapting intelligence to changing 
Ltnowledge and organizational structures, knowledge bases must 
be developed that adapt to changing people, products, and external 
forces. Such development must be based on techniques for break¬ 
ing down and refining knowledge. An information structure us¬ 
ing these techniques, and operating in an uncertain, dynamic world 
cannot be built on machine intelligence alone; human-machine 
integration is essential. This synergy between people and ma¬ 
chines must yield knowledge acquisition techniques that are ca¬ 
pable of supporting rapid start-up. 

A model that encompasses design, manufacturing, and man¬ 
agement and can adapt to change also is needed, as is research on 
a variety of hybrid open-loop control systems. 

The development of common standards for data communica¬ 
tions, essential to the diffusion of IMC, implies creation of a specialized 
vocabulary for development and change. This approach to standard¬ 
ization must be technique-oriented and utilize standard physics, 
mathematics, business, and economics models. 
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Efforts at sensor integration should be guided by the need (lj 
to talk to the same world model as actuators, and (2) to integrate 
data, pattern recognition, and action models. Transparent algo¬ 
rithmic structures that facilitate ease of understanding and change 
and guide algorithmic development are very important for diffusion 
of the technology. Ancillary requirements include statistical con¬ 
trol of process capability and an ability to reason from incomplete 
knowledge. 

In addition, educational approaches must move away frorr 
training students and researchers, recognizing important work 
and posing problems within specific disciplines. The laboratory— 
where theories are tested by experiments that control for poten 
tially contaminating noise, the questions posed are narrow anc 
well defined, and the results are unambiguous—is no longer suffi 
cient as a locus of research. To make meaningful contribution! 
today, research must reflect the union of engineering and manu 
facturing. It must recognize that the interfaces and interaction; 
among processes have become as important as the processes them 
selves. Researchers must construct new methods of building knowl 
edge and of unifying knowledge in different disciplines. The fac 
tory must become the laboratory because only in the factory car 
manufacturing be studied as a whole. 

The context for research will demand close interaction be 
tween academe and industry. Research on systems that encom 
pass entire factories cannot be done by academe alone and basil 
research in such areas would require a commitment of humai 
resources beyond what most firms can afford. Interdisciplinary 
research, therefore, must be directed at this task. 

This joint approach presents problems on both fronts. In aca 
deme, incentives for this kind of research are rare. Though th 
scope of such research is broad, because it is field-based and devel 
opment is tied to a particular site with its associated idiosyncracies 
it is not readily accepted and does not further an academic careei 
Furthermore, the track record for interdisciplinary research involv 
ing both engineering and management is not very encouraging. 

Similar problems exist in industry. The factory is not viewer 
as a laboratory, and management of knowledge acquisition as a] 
important, continuing activity is not part of the factory culture 
Most U.S. factories operate incrementally, realizing only margins 
improvements from the status quo. Their operation is not base 
on any vision of the future, let alone the vision presented here 
While a firm may welcome a specific solution to a pressing problerr 
it is not likely to be interested in solving general problems of a basi 




INTELLIGENT MANUFACTURING CONTROL 


51 


nature in its factories (e.g., factory cost-accounting systems. 8 Mechanisms 
are needed that encourage cooperation between academe and indus¬ 
try and can accommodate conflicting goals, such as scholarly publi¬ 
cation versus proprietary considerations and the need to experiment 
with real processes in real factories. In addition, management must 
be made aware that the rich stream of information guaranteed as a 
by-product of running its factories to produce products could be 
used to solve yield problems. The promise of IMC is to make the 
factory a more effective laboratory, capable of realizing both quan¬ 
tum and incremental improvements. 

These barriers notwithstanding, industry perceives a need for 
training a new kind of engineer and for developing methods for 
managing learning and knowledge. Academe, in search of relevant 
initiatives, is preparing to meet the challenges of a broader playing 
field. Building intelligent systems that exploit person-machine 
synergies for learning in IMC is a significant challenge indeed. 

In summary, research in IMC should aim at: 

• developing technique-oriented communication standards to 
facilitate the diffusion of IMC; 

• refining sensor technology in the areas of data integration, 
pattern recognition, and actionable models; 

• building knowledge bases of design, manufacturing, and 
management intelligence that can adapt to changing knowledge 
and organizational structures; 

• creating a dynamic world model of manufacturing; 

• identifying ways to utilize the human-machine interface to 
facilitate learning in an integrated environment; and 

• redefining its methods to accommodate holistic research in 
a production environment—the factory as laboratory. 


MECHANISMS FOR DIFFUSION AND IMPLEMENTATION 

Some of the larger Fortune 100 companies, in industries most 
threatened by foreign competition or in process industries that 
already use a high degree of closed-loop feedback control, may 
develop and build IMC systems independently. Such developments, 
however, will constitute isolated instances of technological profi¬ 
ciency that will diffuse only very slowly to the rest of the manu¬ 
facturing world. (Witness the slow diffusion of robotics technology 
to the small-business community.) The panel believes that to 
move IMC to the larger manufacturing community, including en¬ 
terprises with fewer than 100 people, rapid diffusion must be made 
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an explicit focus of research on the architecture and development 
of the technology. Rapid diffusion can only occur if the building 
blocks become commodity-like elements that easily can be incor¬ 
porated into the manufacturing system. In addition, the manufac¬ 
turing community must have its eyes opened to the urgency of 
the competitive global challenge and IMC's vital role in address¬ 
ing issues that may not be amenable to technical solutions. 

The lack of diffusion of a similar technology, mechatronics, 
the integration of machine controls with electronics, suggests that 
early developers paid little or no attention to this requirement. 
Machine builders, using mechatronics, built sophisticated systems 
for large companies with specialized needs rather than general 
purpose systems for the larger body of small users, for whom the 
infrastructure for effective and easy use of a technology is as important 
as the technology itself. IMC systems, by their very nature, inte¬ 
grate all of the process steps in a manufacturing plant and require 
deep knowledge of each of those steps, so that any program that 
does not simultaneously build the infrastructure for the development 
of intelligent systems along with generic software for system inte¬ 
gration will fail. 

It is very important that an effort be made to diffuse knowledge 
about IMC rapidly. A cadre of good researchers and research sites 
must be built that will promote effective collaboration between 
industry and academe. Missionary work is needed in building an 
infrastructure for diffusion and in emphasizing the importance of 
the problem. 

Even more important is the supply and building of talent and 
development of the necessary incentives for industry and academe. 
Scholarly publication of interdisciplinary research and effective 
peer review of such work is crucial to creating these incentives as 
is research funding and matching funding from business. Still 
another need is the creation of incentives to promote the develop¬ 
ment of educational and training materials that will enable in¬ 
structors in universities, community colleges, and technical insti¬ 
tutes to further diffuse the requisite knowledge to appropriate 
users. 

Consider the application of the personal computer to manu¬ 
facturing problems. In less than 10 years, the personal computer 
has profoundly influenced the way many manufacturing-related 
processes are performed. The rapid acceptance of this technology 
is due not only to dramatic price/performance reductions, but 
also, and more importantly, to the ease with which the average 
person can use the personal computer to solve problems and in- 
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crease his or her productivity. The personal computer will surely 
become one of the building blocks of the future IMC system; it 
already has, to some extent. Other such standardized solutions 
must be found. 

The panel recognizes that real-world management cannot abruptly 
move into the world of IMC—that move will have to be economi¬ 
cally justified and made incrementally. IMC cannot simply be 
dropped into place in the manufacturing world. Its adoption is an 
evolutionary process that will have to be engineered to suit differ¬ 
ent environments. In a world economy, this is a vital process. 

NOTES 

1. Bohn, R. and R. Jaikumar. 1989. The Dynamic Approach: An Alternative 
Paradigm for Operations Management. Harvard Business School Working Paper 
No. 88011. Boston, Mass.: Revised August 1989. 

2. There is a special reason for concentrating on the statistical aspects when 
introducing a program of better quality at lower cost in a going operation. They 
are more tangible than other quality control aspects and can be presented in a 
more interesting and appealing manner. The preparation of a list of trouble spots 
converted to costs per unit period, and plotted as one would a curve of cumulative 
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first be applied. (Juran, J.M. Quality Control Handbook. 1962. 2d ed. McGraw- 
Hill Book Company, New York, N.Y.) 
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gan. 
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Equipment Reliability 
and Maintenance 


Substantial capital investments, in the form of 
facilities and equipment, are required for manufacturing almost 
all goods of economic significance. The productivity of these 
investments is a fundamental element of competition among 
companies and nations. Events that slow or interrupt the manu¬ 
facturing process or degrade the product impair the competitiveness 
of a manufacturing enterprise. 

The term equipment reliability and maintenance (ERM) encom¬ 
passes not only equipment, such as machines, tools, and fixtures, 
but also the technical, operational, and management activities, 
ranging from equipment specifications to daily operation and 
maintenance, required to sustain the performance of manufactur¬ 
ing equipment throughout its useful life. This chapter addresses 
all causes of diminished or degraded output. The panel considers 
ERM to be a significant factor in the competitiveness of manufac¬ 
turing firms, an assessment supported by the case studies in the 
section on present practice (pp. 57-63). 

Historically, the evolution of ERM can be traced from break¬ 
down maintenance and repair to preventive maintenance to predictive 
maintenance. Breakdown maintenance and repair is the after-the- 
fact restoration of failed equipment. Preventive maintenance is 
the systematic servicing of equipment to reduce the possibility of 
failure. Predictive maintenance, in use in U.S. industry for only 
four or five years, is usually understood to involve the use of 
computer software to detect conditions that might eventually lead 
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to equipment failure. Predictive maintenance is a little-used ap¬ 
proach that has great potential; the cases in the section on present 
practice elaborate on it. 

A few basic definitions are used in this chapter. The theoretical 
capacity of a manufacturing process or machine is the output per 
unit of time of continuous operation at the maximum safe operating 
speed. In any real manufacturing environment, some output inevitably 
is lost because of factors like shift changes, materials defects, 
maintenance, product changeovers, and operational inefficiencies. 
Most process engineers employ a deterministic safety factor ap¬ 
proach that reflects a reasonable level of unavoidable loss of out¬ 
put. They design processes for a theoretical or running capacity, 
which is calculated on the basis of a system's estimated efficiency. 

In actual, day-to-day production, manufacturing engineers 
generally monitor two basic measures of equipment or process 
performance, scheduled and actual. Scheduled output is the out¬ 
put expected from an operation for a given allocation of time, 
material, and labor; it is usually based on a published output rate. 
Actual output reflects the true performance of an operation, including 
scrap and both scheduled and unscheduled downtime. These fig¬ 
ures are often given on a yield basis (e.g., output per unit of time 
or material input). 

These definitions are important when comparing data for differ¬ 
ent firms in an industry. A conservative specification of rated capacity, 
however, can yield misleading data for equipment performance. 

IMPORTANCE 

ERM affects drastically the three key elements of competitive¬ 
ness—quality, cost, and product lead time. Well-maintained ma¬ 
chines hold tolerances better, help to reduce scrap and rework, 
and raise part consistency and quality. By increasing uptime and 
yields of good parts, ERM can reduce capital requirements, thereby 
cutting total production costs. It also can shorten lead times by 
reducing downtime and the need for retooling. 

The replacement and displacement of conventional electro¬ 
mechanical factory equipment by mechatronic equipment have 
given rise to a very different set of reliability and maintenance 
requirements. The recent rush to embrace computer-integrated 
manufacturing (CIM) has further increased the use of relatively 
unknown and untested technology. The factory is becoming a 
web of interdependent subsystems, interconnected by computer 
controllers that communicate horizontally across peer processes 
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and vertically to supervisory controllers above or slaves below. 
Much of the controller software was written with the assumption 
that all equipment works properly when, in fact, complicated and 
unpredictable failure modes, unanticipated by the system and equip¬ 
ment designers, are becoming increasingly apparent. It is seldom 
possible to predict how a system will fail when something some¬ 
where in the plant breaks down. Because causal relationships are 
frequently hidden, repair is often time-consuming, expensive, and 
tedious. A better job of debugging these systems via simulation, 
analysis, and rapid development needs to be done. 

Software and sensors have the potential to enhance ERM and 
so mitigate the added complexity associated with these technolo¬ 
gies (see Figure 3-1). The trend toward integrating mechatronic 
equipment into factorywide systems provides a framework for ex¬ 
tensively exploring and exploiting this approach. The potential 



Year 

FIGURE 3-1 Improvements in equipment reliability with increasing com¬ 
puterization. Source: VLSI Research Inc. 



EQUIPMENT RELIABILITY AND MAINTENANCE 


57 


impact of these integrated systems on capital investment alone is 
significant (forgetting impact on quality, cost, and lead time). If 
U.S. machine tool utilization, for example, were to go from 50 
percent to 100 percent, investment could be cut in half. 

PRESENT PRACTICE 

In U.S. manufacturing, equipment availability is generally ensured 
by the existence of standby equipment, i.e., buying two machines 
when one will produce the desired throughput. Preventive main¬ 
tenance, therefore, loses its urgency and breakdown maintenance 
becomes the order of the day. More importantly, the important 
maintenance issues do not surface. 

The rapidly increasing complexity of factory equipment has led 
many U.S. manufacturers to look to suppliers for smarter equip¬ 
ment that will ease the need for a technically strong supporting 
infrastructure. This trend is producing a generation of catalog engi¬ 
neers who are adept at ordering equipment from a catalog but who 
lack the knowledge to evaluate equipment designs. Suppliers are 
responding by applying microcomputer technology to more phases 
of manufacturing operations and processing. The term artificial in¬ 
telligence is appearing in sales literature that increasingly is offering 
catalog solutions as alternatives to technical proficiency. 

This approach to maintenance is in marked contrast to that 
taken in other countries. In Japan, for instance, many firms are 
engaged in a 10-year program to upgrade predictive maintenance 
to the point where ERM becomes the responsibility entirely of 
operators. Attainment of set performance levels by equipment is 
celebrated with the sipping of sake. In firms whose management 
understands facility issues, including the implications of ERM 
efforts, just-in-time (JIT) 1 is less a measure of inventory than an 
indication that all processes are under control. Managers with 
this understanding can take a plant beyond the benefits of JIT to 
realize the potential benefits of ERM. The Japanese are succeeding 
at this because they have an integrated view of manufacturing as 
a system. Many U.S. manufacturing managers do not. 

Japanese companies that have excelled in this area character¬ 
istically have the ability to develop and produce their own equipment. 
This is true even of smaller companies. Veteran engineers in one 
Japanese company with fewer than 50 employees, for example, 
developed all of the firm's equipment, tools, and dies. While this 
does not mean that U.S. end-users should do all equipment design 
in-house, it does suggest the need for drastic improvement of in- 



U.S. industry is not without examples of emphasis on ERM. 
U.S. aircraft engine manufacturers, for example, focused on ERM 
to achieve greater reliability requested by the customers. Standards 
are published for maintenance and operation and for comparing 
performance of aircraft engines. Results of these performance 
comparisons are published in the trade press. 

The ERM programs of several U.S. and Japanese manufactur¬ 
ers are outlined in the following paragraphs. 


U.S./Japanese Automobile Part Stamping 

Wholly owned and joint-venture manufacturing facilities es¬ 
tablished in North America by Japanese firms during the 1980s 
provide a basis for comparing U.S. and Japanese ERM practices in 
a variety of areas. One example is the stamping of automobile 
hoods, fenders, doors, and other major steel components. 

The key technology in stamping is the transfer press, which 
incorporates a mechanism for moving parts between five or six 
dies. High acquisition and operating costs (stamping dies and 
presses constitute a substantial part of the capital investment in 
automobile manufacture) lead automakers to run multiple sets of 
dies on a given line. Die change time, which necessarily repre¬ 
sents scheduled machine downtime, is a critical element of over¬ 
all operating performance, and rapid, efficient die changing is a 
key basis of competition in stamping operations. 

The U.S. facilities of Japanese automakers, using U.S. work¬ 
ers to operate three to five presses, often achieve at least twice 
the productivity of comparable U.S. facilities on a per-line or per- 
press basis. ERM practices contribute significantly to this achievement. 

The ERM techniques of Japanese firms are basic practices 
that are carried out religiously. The Japanese stamping lines, for 
example, are specified to run at a lower, more reliable rate than 
equivalent U.S. lines. They more than compensate for the differ¬ 
ence in speed through rapid, capable die changing, steady, reliable 
operation, and disciplined operating procedures. Dies are cleaned 
and lubricated routinely, and repairs are completed to original 
specifications before problems become major. Moreover, Japanese 
plants are characterized by a highly disciplined approach to basic 
housekeeping—floors and manufacturing equipment are kept spot¬ 
lessly clean. The cumulative effect of these practices is reflected 
in the product—mass-produced automobile body parts that are 
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comparable, if not superior, to those produced by manufacturers 
of low volume, luxury cars. 


Near Defect-Free Pump Production 

Between 1979 and 1982, the Japanese Nishio pump factory of 
Aishin Seiki reduced equipment breakdowns from 700 per month 
to effectively zero, while achieving an extraordinary level of quality— 
11 defects per 1 million pumps produced. Aishin Seiki's success 
reflects neither high technology nor large investments in new fa¬ 
cilities. Rather, it is the result of a strategy for achieving zero 
defects and zero breakdowns through common-sense engineering, 
attention to basics, and hard work and team effort guided by a 
top-management vision. The strategy, which focuses on achieving 
economical life cycle cost for equipment and other physical assets, 
began in Japan in the early 1970s. It is a logical outgrowth of 
previous ERM philosophies stemming from the practice of preventive 
maintenance. 

Aishin Seiki's ERM practices aim to maximize equipment 
effectiveness in terms of both quality and productivity by: 

• establishing a total system of productive maintenance cov¬ 
ering the entire life of equipment; 

• involving all departments, including equipment planning, 
equipment usage, and maintenance; 

• requiring universal participation by top management as well 
as shop floor personnel; and 

• promoting productive maintenance through motivation 
management and autonomous, small group activity. 

The goal of the strategy is to eliminate the six main down¬ 
time losses: 

• losses caused by unexpected breakdowns; 

• losses from setup time associated with periodic changes 
and adjustments of tools and dies; 

• losses that result from idling, minor stoppages induced by 
sensors, and blockages of work in chutes; 

• losses attributable to differences between actual and design 
speeds of equipment; 

• process-related losses associated with defects and rework¬ 
ing; and 

• yield losses that occur between start-up and steady produc¬ 
tion. 
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The strategy was implemented in four stages. 

• In the preparatory stage, management (1) decides to employ 
the strategy, (2) mounts an educational campaign to reduce or elimi¬ 
nate resistance to it, (3) creates a hospitable organization and estab¬ 
lishes basic policies and goals, and (4) formulates a master plan. 

• In the introduction stage, the ERM program is kicked off. 

• The implementation stage calls for (1) ensuring early suc¬ 
cesses and hands-on experience by focusing initial efforts on equipment 
that offers the most potential for improvement, (2) establishing an 
autonomous maintenance program for operators, (3) creating a system 
of planned maintenance that anticipates an increase in work load, 
(4) improving operating and maintenance skills through training, 
and (5) developing a prototype equipment management program. 

• The final, or establishment, stage calls for (1) making the 
new ERM strategy the norm for conducting business and (2) providing 
a process for continuous improvement. 

The Nishio factory is not an isolated showcase. Similar re¬ 
sults are being achieved in old as well as new factories throughout 
Japan. In 1989 alone, 51 companies were recognized by the Japan 
Institute for Plant Maintenance for achieving a level of perfor¬ 
mance in total productive maintenance that placed them on par 
with the Nishio factory. 


Diagnostic Monitoring of Steam Turbine Generators 

With an aging complement of steam turbine generators and 
few new plants in the planning cycle, the U.S utilities industry is 
responding to increasing demand for electricity by adopting new 
practices for maintaining and improving the availability of exist¬ 
ing equipment. Preventive maintenance practices in this industry 
evolved by trial and error. While they are generally effective, 
these practices have been considerably enhanced by state-of-the- 
art maintenance planning, management, and implementation 
technologies that incorporate information on equipment design, 
application, and operation. 

One utility moved from manual plotting of stator performance 
data to a computer-based, continuous monitoring system on its 
10-year-old turbines that were installed in the mid-1980s. The 
on-line system included hardware, software, and diagnostic engi¬ 
neering services. Initial emphasis was on detecting problems be¬ 
fore they became serious enough to force outages. The system 
was later expanded to incorporate preoutage maintenance plan- 
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ning, the cost of generator outages, prevention of in-service fail¬ 
ure, and the increasing percentage of older units in service. 

Software problems during system installation and checkout 
and numerous false diagnoses attending a later upgrade incurred 
extensive debugging that involved both vendor and user. Still, 
the system has served the utility well. Problems have been diagnosed 
in time for corrective action, greatly minimizing damage to tur¬ 
bines. In one instance, the expert system embedded in the diag¬ 
nostic system recommended that a generator in which it had detected 
a fault be kept in service until the scheduled outage. This correct 
diagnosis avoided both an unscheduled outage for repair and a 
probable forced outage later had the problem gone undetected during 
the scheduled outage. 


ERM in the U.S. Semiconductor Industry 

The cost of a typical state-of-the-art manufacturing facility for 
semiconductor memory chips has risen eightfold since 1980, from 
$25 million to $200 million. Over the next several product genera¬ 
tions, the cost of such facilities is expected to reach between $500 
million and $750 million (Figure 3-2). U.S. semiconductor industry 
capital investment of about $3.5 billion in 1988 strained the resources 
of even the largest companies. 2 Such investments warrant serious 
attention to ERM in this industry. 

Since 1987, Intel Corporation has used ERM techniques to 
increase uptime and speed throughput for both the currently installed 
and the next generation of equipment. The company developed a 
two-part strategy that focused on reducing the operations and support 
costs of installed equipment while simultaneously influencing the 
design of a new generation of equipment using life cycle cost data 
from the factory floor. Partnerships with key equipment suppliers 
were critical to the success of both parts of the program. U.S. 
semiconductor manufacturers traditionally have not communicated 
with their original equipment suppliers, nor have they taken advantage 
of engineering and managing upgrades, modifications, maintenance, 
and spare parts issued internally. Japanese suppliers, in contrast, 
benefit from close customer technology exchange programs with 
leading Japanese semiconductor manufacturers. Intel and several 
of its key equipment suppliers have begun to turn the domestic 
situation around. Their technology exchange programs today include 
concurrent engineering of next-generation equipment for new product 
and process requirements and replacement of Intel factory equip¬ 
ment engineering and maintenance staff with supplier personnel. 
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Year 


FIGURE 3-2 Expected trend in cost of state-of-the-art semiconductor manu¬ 
facturing facilities. Source: VLSI Research Inc. 


Key elements of the design/development phase include train¬ 
ing and development to enable suppliers to perform highly specialized 
equipment analyses, such as failure modes and effects criticality 
analysis (FMECA), fault tree analysis, design for testability, design 
for fault tolerance/isolation/tracking, and design for remote diag¬ 
nosis. Intel has sponsored both a high-level reliability and main¬ 
tainability conference and an equipment supplier symposium in 
an effort to bring engineering and business disciplines together 
with key suppliers to conduct applications-oriented problem solv¬ 
ing sessions. An equipment life-cycle training course was devel¬ 
oped to train new suppliers, manufacturing engineers, and pro¬ 
curement teams. Procurement specifications have been upgraded 
to require that all key process equipment suppliers have a basic 
level of ERM expertise. 

Results in trial fabrication plants for both wafer etch and 
implanter equipment show a substantial increase in average monthly 
uptime and increased predictability by reducing the range of monthly 



uptime (Figures 3-3 and 3-4). In photolithography, attempts to in¬ 
crease mean time between failures have yielded a 30-percent in¬ 
crease in availability and an approximately 30-percent decrease in 
area throughput time while achieving a 10-percent reduction in 
total fabrication throughput time (Figure 3-5). Mean time between 
failures for a wide variety of assembly equipment has increased in 
the range of 200 to 2300 percent, resulting in equipment uptime 
averages in excess of 90 percent of available hours (in a 168-hour 
week). 

Benefits of Intel's ERM program have included reduced cost 
per unit at each process step, as factory operations and support 
costs associated with downtime or slower area throughput time 
have been reduced. Additional capacity can be made available in 
many cases by increasing equipment utilization rates rather than 
by adding units of equipment. This adds up to important savings 
because the base cost of many types of equipment exceeds $1 
million per unit. 

Indirect benefits often outweigh direct savings. For example, 
meeting process parameters more reliably via FMECA increases 
factory yields and reduces work-in-process inventory. Such con¬ 
tinuous improvements will be required to keep direct cost per 
unit and factory overhead competitive in the global marketplace. 

VISION 

The ideal manufacturing environment of the future has no 
maintenance organization and every piece of equipment is ex¬ 
pected to be available 100 percent of the time. The entire manu¬ 
facturing organization, including executive management, recognizes 
the value of high equipment availability and the role of ERM in 
achieving it. Sensors monitor the condition and performance of 
equipment throughout the manufacturing system and feed back 
relevant data to system controllers that interact with technically 
sophisticated human operators who use the data to maximize 
throughput, effect timely maintenance, and recover promptly from 
equipment failure. 

Equipment design employs new approaches that use broader 
data bases. Simultaneous design, or concurrent engineering, i.e., 
designing the production line or process at the same time as the 
product it is to produce, is the watchword. Designers have access 
to comprehensive data from the equipment itself, as well as a 
wealth of information about the needs and performance of the 
installed base of industrial users. Across each industry is a reli- 
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Average Quarterly 
Uptime 


Range of Quarterly 
Uptime 



Average Monthly Range of Monthly 

Uptime Uptime 

FIGURES 3-3 and 3-4 Results in trial fabrication plants for both implanter 
equipment (1987-8) and wafer etch equipment (1988), with and without 
service contract, show a substantial increase in average monthly uptime 
and increased predictability by reducing the range of monthly uptime. 
Source: Intel Corporation, 1989. 
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Mean Time Between Failures (Hours) 

(X-Axis Is Not to Scale) 

FIGURE 3-5 For photolithography, attempts to increase mean time be¬ 
tween failures have yielded a 30% increase in availability and an approximately 
30% decrease in area throughout, while achieving a 10% reduction in 
total fabrication throughput time. Source: Intel Corporation, 1989. 


able body of knowledge, much like that available for engines in 
the aircraft industry today. Testability is a fundamental criterion 
for design, and an arsenal of reliable testing methods has given 
rise to equipment that facilitates experimentation. 

U.S. manufacturing will want to jump to this futuristic plane 
from its present plateau. It cannot. This vision for ERM is rooted 
in the evolution of product and process design and intelligent 
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manufacturing control. Present problems need to be resolved at a 
practical level, while high-technology approaches to ERM are de¬ 
veloped in the next generation of equipment. 


BARRIERS TO PROGRESS 

Barriers to this vision of ERM are manifold. Perhaps the 
greatest is a general lack of awareness in the manufacturing orga¬ 
nization, especially at the top, of the nature of ERM and its capacity 
for improving quality and productivity. The very terminology of 
ERM can impede its adoption and practice. 

Even with greater awareness and understanding of ERM and 
sufficient good data to convince top management of its value, a 
serious deficit in the technical skills infrastructure required to imple¬ 
ment an effective ERM program would still have to be overcome. 

Lack of Awareness 

In 1980, U.S. industry's utilization of capital and value-added 
time was low (Tables 3-1 and 3-2), its average machine utilization 
was less than 50 percent, and the country ranked lowest among 
the major industrialized nations in percentage of machines less 
than 10 years old (Table 3-3). Although more recent data are not 
available, the consensus is that the situation has changed little in 
the past decade. 

Finance-driven managers who do not understand manufactur- 


TABLE 3-1 Low Utilization of Capital 


Equipment Category 

Availability 

Transfer Lines 

50%-55% 

NC Machine Tools 

30%-70% 

Conventional Machine Tools 

30%-60% 


TABLE 3-2 

Low Value-Added Time 

Work State 

Fractional Time 

Cutting 

5%-6% 

Auxiliary 

4%-12% 

Waiting 

82%-91 % 
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TABLE 3-3 Age of Machine Tools 


Country 

% Under 10 years 

% Over 20 years 

United States 

31 

34 

Canada 

41 

37 

West Germany 

36 

27 

France 

34 

31 

Italy 

41 

29 

Japan 

59 

— 

United Kingdom 

38 

24 


source: Lawrence Livermore Laboratory. 1980. Technology of Machine Tools, 
Machine Tool Systems Management and Utilization. Berkeley, CA: University of 
California at Berkeley, October 1980. 


ing operations and competitiveness can be misled by engineering 
and production managers who specify low rated capacities and 
scheduled yields. Capital authorization processes 3 provide only 
an appearance of effectively managing some of the crucial bases of 
competition, including ERM (on which production capacity is clearly 
dependent). Arguments that blame insufficient capacity on old 
machines that cannot be replaced because of high cost are suspect 
because the most cost-effective increase in U.S. manufacturing 
capacity may well be achievable through improved maintenance 
practices for existing equipment. 

Manufacturing management has labored against prevailing views 
of manufacturing as an appendage to business, a necessary evil, 
bureaucratic and hence slow to respond, driven by internal pres¬ 
sures and short-term thinking, and not part of the strategic busi¬ 
ness plan. In general, manufacturing has been slow to recognize 
the value of the scientific base; it has placed inordinate value on 
activity (go fast to go slow) and subscribed to a trial and error 
approach to problem solving that fails to attack root causes. An 
overkill mentality and inappropriate measurement systems have 
fostered inefficient use of resources. 

Many U.S. manufacturing managers do not value ERM be¬ 
cause they do not appreciate the economic benefits of improved 
equipment availability. Making a case for increased spending on 
ERM to a management that perceives itself to be at a strong com¬ 
petitive disadvantage relies on demonstrating a benefit-to-cost re¬ 
lationship. But it is not yet known how to prove ERM's value 
using generally accepted accounting principles and short-term 
measurement systems that yield little information on life-cycle 
costs and benefits of equipment. 4 
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Existing systems offer few incentives for manufacturing man¬ 
agers to ask appropriate questions. In fact, to the extent that they 
lead management to treat maintenance as an indirect cost that 
increases factory overhead, these systems may be putting the U.S. 
asset base at risk. Cost models associated with short-term mea¬ 
sures, which rapidly drive future costs to zero in a present value 
analysis using a relatively high rate of return, lead managers to 
emphasize initial purchase price in equipment acquisition. In short, 
plant managers are given short-term cost-reduction targets that 
only can be achieved by deemphasizing maintenance staffs and 
equipment repair, the true costs of which will appear only over 
the long term. 

Lack of Data 

The hard data needed to make a convincing argument to man¬ 
agement are hard to find. No available method of measuring sys¬ 
tem reliability (e.g. ; equipment effectiveness = availability x speed 
ratio x yield) has yet been widely accepted by U.S. manufacturers, 
and manually collected production downtime data are questionable, 
inasmuch as waiting time for repairs is seldom reported. As a 
result, it is difficult to make comparisons, share results and good 
practices among cooperating operations, and measure ERM perfor¬ 
mance trends in any one factory in a universally credible way. 

Lacking standard measures of ERM and using reward systems 
that typically do not encourage operators or supervisors to record 
or try to maximize equipment performance, industry can give suppliers 
very little information about its equipment beyond installation. 
The suppliers, largely isolated, are in most cases not likely to 
commit resources to providing a capability that many U.S. manu¬ 
facturers, because they have not yet understood its value, have 
not demanded. 

Given customer preoccupation with initial cost and technical 
features, equipment is frequently designed to perform specific tasks 
within the constraints of an acquisition budget, with little regard 
for optimizing economic performance over its lifetime. Reliabil¬ 
ity—which may be the driver for a few key components or safety 
features, but is generally a secondary consideration for entire systems— 
is usually built in after the fact on the basis of experience and 
limited information. Suppliers are reluctant to project ERM perfor¬ 
mance, claiming lack of control over user application, adherence to 
recommended preventive maintenance schedules, and adequacy of 
repair. Firms that do value ERM, typically driven by powerful cus- 
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tomer demands or regulatory influences, are forced overseas in their 
search for suppliers who are willing to quantify machine reliability 
and to work to meet ERM goals. 


Lack of Skills 

Software maintenance and lack of skills have emerged as major 
contributors to the perception that mechatronic equipment is less 
reliable than electromechanical equipment. Although companies 
technically unprepared to deal with these problems stand to suffer 
increased costs and reduced capacity, extreme pressure to mini¬ 
mize current-period costs continues to lead operations managers 
to sacrifice the hiring and training of maintenance personnel. 

In contrast to design engineers who, because they are charged 
in most cases directly to a product, are viewed as contributors, manu¬ 
facturing engineers and skilled workers are considered manufac¬ 
turing overhead and, hence, as opportunities for cost reduction. In 
many companies, career paths for these employees are deemphasized, 
and responsibility for their training and development is specifi¬ 
cally assigned to no one. 

Lacking strength in manufacturing systems engineering, many 
plants rely on system integrators distinct from the equipment 
builders to configure their manufacturing systems. These outside 
suppliers of engineering services hesitate to experiment at the 
expense of their customers and so are unlikely to foster significant 
improvements. 

This situation is reflected in the radically different perceptions 
of the performance of newly installed equipment in the United 
States and Japan. The U.S. view is that "the equipment is now 
performing at its best and over time performance will degrade." 
The Japanese view is that "the equipment is now performing at 
its worst and work needs to be done to improve its performance 
dramatically." 

Emphasis on short-term profitability at the expense of preven¬ 
tive maintenance programs, personnel, and spare parts actually 
decreases long-term profitability by increasing the frequency of 
catastrophic events (i.e., breakdowns that demand emergency repair). 
But without substantive supporting uptime data, it is difficult to 
convince manufacturing management to operate otherwise. If the 
results of manufacturing technology research are to be effectively 
coupled to practice, a systematic, interdisciplinary attack—involving 
engineering, business, psychology, sociology, and finance, to name 
a few—must be mounted in order to change the status quo. To 



In a highly competitive world market, a manufacturer that 
needs two machines to produce what another manufacturer, by 
assuring the reliability of its equipment, can produce with one, 
will not be cost competitive. The use of first-class equipment, 
operating at full capacity, is vital to competitiveness in the world 
market, a fact U.S. manufacturing managers must be made to 
believe and given the tools to act upon. 

The panel has ranked research needs in ERM within two broad 
categories. One relates to people, the other to equipment (Table 3- 
4). Technology alone will not yield significant improvements in 
ERM—it is only an enabler. The problem needs to be viewed in 
its totality, with a balanced emphasis on human and technological 
issues and barriers. 

Making progress with people-related issues will be much harder 
than solving technological problems. The task will require a major 
departure from the traditional lines of demarcation between the 
trades necessitating, in essence, a cultural change—probably the 
most difficult problem U.S. industry faces. While total abandonment 
of tradition, or complete cultural change, is neither possible nor 
desirable, U.S. manufacturers may need to import, adapt, and fine- 
tune techniques from other countries such as Japan. 

U.S. manufacturing also needs an equivalent to the Japan In¬ 
stitute of Plant Maintenance—an active group unencumbered by 
antitrust legislation and supportive of joint R&D, production ven¬ 
tures and standard-setting efforts—to spearhead advances in ERM 
practice. Japanese efforts in this area have dramatically improved 
quality, lowered cost, and reduced plant breakdowns from 10 per¬ 
cent to as little as 1 percent of previous levels within three years. 
The charter of a U.S. plant maintenance institute might include: 
competitive assessment of ERM (United States versus other coun¬ 
tries), research to improve ERM competitiveness and spread best 
practice, assistance to companies attempting to improve ERM, 
ERM training assistance, a forum for technology transfer, and rec¬ 
ognition of companies that meet predefined ERM thresholds. Some 
specific needs in these areas are addressed below. 
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TABLE 3-4 ERM Research Needs 


A. People-related needs: 

1. Executive management awareness of present ERM practice in the 

United States and abroad, and its importance for competitiveness. 

2. An understanding of enterprise optimization. 

3. A focus on using and managing technology. 

4. Academic emphasis on graduating career or professional engineers. 

5. Restoration of apprenticeship programs and manufacturing 

laboratories. 

6. General attention to the inadequacy of the basic level of talent. 

7. A new attitude that equipment should improve through use. 

B. Equipment-related needs: 

1. Performance measurement 

a) Development of a standard methodology for measuring ERM. 

b) Development of industry-wide collections of ERM data. 

c) Development of a standard methodology for data analysis. 

2. Tools and techniques 

a) Design for reliability. 

b) Emphasis on sensor technologies and self-diagnosis. 

c) Development of systematic, disciplined methodologies that will 
enable manufacturers to communicate equipment requirements in 
clear operational terms. 

d) Development of guidelines and practices for designing the human- 
machine interface to enhance ERM. 

e) Development of standards for design and test, measurement and 
evaluation of ERM, and operator-equipment interfaces. 

3. Methodologies 

a) Analysis of concurrent engineering. 

b) Identification of operational changes to enhance ERM. 

c) Development of a strawman model for analyzing the impact of 
various methodologies on the manufacturing environment. 

d) Creation of a mechanism for providing equipment suppliers with 
the data they need to improve both uptime of installed equipment 
and mean-time-to-failure for new equipment. 


People-Related Needs 

Before anything can be done about equipment, U.S. manufac¬ 
turing must be made aware of the importance of ERM to its con¬ 
tinued competitiveness. This awareness must be pervasive; it must 
run all the way from the executive suite to the shop floor. 

Effective management of ERM requires realistic awareness of 
the benefits of and necessary decisions related to ERM, the tech¬ 
nical knowledge that will permit managers to make appropriate 
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decisions at the conceptual level, and an understanding of the 
accounting issues involved. Management leadership is essential 
to solving manufacturing's problems because only management is 
positioned to have the overview essential for effective decision 
making and leading. 

ERM issues will not be addressed unless management chooses 
to address them. They will not begin to address these issues, however, 
unless they are convinced of the importance of ERM for competi¬ 
tiveness. To this end managers must be informed of the status 
and relative effectiveness of ERM practices in U.S. and foreign 
industries. This would be helped greatly by a competitiveness 
assessment that reflects ERM differentials. Workshops sponsored 
by the National Research Council could serve to acquaint manu¬ 
facturing executives with present practice in the United States 
and Japan. Because management needs both knowledge and data to 
know what to do and how to do it, a concurrent effort must be 
mounted to identify and supply the hard data without which even 
an enlightened management will be unable to identify the areas 
that need improvement. 

If the vision set forth in this report is ever to be realized, the 
skills and capabilities that will be needed by managers at each level 
of the organization, and the agencies and institutions—universities, 
industries, companies, community colleges, etc.—best positioned to 
cultivate these skills, must be identified. 

Fluctuations and interdependencies in factory systems are 
manifested as strong, nonlinear behaviors, which suggest that op¬ 
timizing the parts will not necessarily optimize the whole. Too 
often, engineers work hard to improve one element of a system, 
only to discover that in doing so they have degraded the total 
system. An understanding of enterprise optimization is needed to 
guide the application of technical work in the plant. 

Technology management is becoming an accepted discipline 
in a growing number of U.S. academic institutions. A comple¬ 
mentary focus is needed on using technology. Quantifiable reasons 
must be found for employing technologists in the manufacturing 
sector of an enterprise. Well-understood methods of directing the 
work of these technologists are needed, as are mechanisms for 
implementing the results they achieve. Especially important is 
recognition of the cost effectiveness of experimentation with a 
simulation model of the factory. Managers and engineers should 
be aware of the benefits of using simulation methodology during 
process design. By allowing the ERM process to be modeled dur- 
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lg system design, simulation fosters a total systems approach to 
esign. 

The gap between engineers and managers needs to be nar- 
Dwed. Product and process engineers should be involved in manu- 
icturing decision making, with financial analysts supplying guid- 
nce. Current emphasis should shift from graduating applied scientists 
nd specialists to producing engineers and interdisciplinarians, 
ieeded are more career or professional engineers from interdisci- 
inary programs that cut across engineering disciplines to also 
mbrace elements of business, psychology, and sociology. These 
idges outside the engineering school will help recast the indus- 
:ial engineer of yesterday as the systems engineer of today. 

In addition to a broader professional Master of Science degree, 
reater emphasis is needed on the production of master technicians, 
'he unavailability of internship programs is a serious deficit in 
r.S. manufacturing. 

Who is, and is not, walking the floors of today's plants is also 
concern. Few U.S. manufacturers have programs that provide 
'h.ite collar staff with exposure and experience in the actual 
lanufacturing process. Many of the managers who cannot improve 
reir plants arrived in manufacturing with finance/MBA training 
nd had never set foot in a factory. In connection with the notion 
white collar work, a way must be found to change the general 
erception that manufacturing and manufacturing careers have 
)w status. 

Schools have followed business's lead in the past; when busi- 
ess deemphasized manufacturing in the 1960s, schools closed 
reir manufacturing laboratories. There is no reason to expect 
aat they will not respond similarly to a reemphasis on manufac- 
aring. Some two-year colleges are already cooperating with manu- 
icturers to teach technical skills to shop floor personnel. Manu- 
icturing engineering and software training programs are badly 
eeded. Finally, a way must be found to address, as a nation, the 
nderlying problem of a deteriorating level of basic talent. Many 
f these issues are addressed more fully in Chapter 6, Manufactur- 
lg Skills Improvement. 


Equipment-Related Needs 

Equipment-related needs can be grouped under the categories 
f performance measurement (identifying what we need to know 
d how to measure it), tools and techniques (what we can do for 
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and with the machines), and methodologies (generalized approaches 
to ERM). 

Performance measurement 

A standard methodology for measuring the performance of 
ERM is needed, as is a way to quantify the benefits of ERM for 
top management. Though generally accepted accounting prin¬ 
ciples are inadequate for manufacturing decision making, no sub¬ 
stitutes have gained wide acceptance. Without a measurement 
system that can quantify relationships between engineering work 
and profit/asset benefits, assess the costs of equipment waiting 
(e.g., load, unload, operator, material) and downtime, and allocate 
maintenance costs to reflect reality, results will be anecdotal and 
perception of the basis for changing the incentive structure will 
remain shaky. A more enlightened approach to reducing equip¬ 
ment life-cycle costs would be to increase capital investment at 
the concept and design stages in order to improve equipment reli¬ 
ability, maintainability, and predictability and thereby reduce op¬ 
erations and support costs that inflate factory overhead (Figure 3-6). 

To evaluate the cost of machine downtime, one must first 
know a machine's value per unit of time, which can be obtained 
through a variety of methods related to capacity utilization (see 
definition of theoretical capacity on p. 55). Needed is a produc¬ 
tion monitoring system capable of providing information about 
all machine shutdowns, classifying discrete events, and aggregating 
these events within categories. Given the opportunity cost of 
shutdown, such a system could calculate the benefit of reducing 
or eliminating each category of downtime. Further, a logical model 
of machine failure that can relate different kinds of failures, mean 
times between them, and their causes, is needed. Industrywide 
collections of such information will facilitate sharing of technical 
data—both ERM statistics and qualitative information about the 
relative effectiveness of different techniques—and help pinpoint 
areas where improvement is essential to global competitiveness. 


Tools and techniques 

Needed in equipment design is a design-for-reliability approach 
that takes into account all life-cycle costs (acquisition, installation, 
operation, maintenance, repair, and salvage). This approach should 
delineate basic principles that are demonstrably effective and uni¬ 
versally applicable. ERM does not begin on the manufacturing 
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Focus 2 



IGURE 3-6 An enlightened approach to reducing equipment life cycle 
osts: Increase capital investment at the concept and design stages. Source: 
mtel Corporation, 1989. 


loor ; it begins in the office with the design of product, process, 
nd equipment. 

While judgment is required to ensure that manufacturing equip¬ 
ment is efficiently utilized, sensor technologies and self-diagnos- 
ics may be sufficient to ensure that it is reliably maintained, 
lesearch needs in this area are amplified in Chapter 2, Intelligent 
danufacturing Control. 

A clear link must be established between equipment require¬ 
ments and reliability. Critical specifications must be defined and 
□rmulated to ensure reliability and identify pitfalls, stumbling 
locks, and best practice. Systematic methodologies that will en- 
ble manufacturers to communicate equipment requirements in 
lear, operational terms need to be developed. 

In the area of human-machine interface, research is needed to 
elineate the guidelines and practices needed for establishing this 
mportant junction. 

Development of standards for design and test, for measuring 
nd evaluating ERM, and for operator-equipment interfaces, would 
ie a great facilitator in each of the areas discussed above. 
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Methodologies 

Concurrent engineering warrants study as a means of build¬ 
ing ERM considerations into equipment from the beginning. To 
this end, the training of finance and accounting people to guide 
and support the concurrent engineering process is critical. 

Operational changes that will enhance ERM must be identi¬ 
fied. One need is a checklist of procurement practices that will 
ensure that reliability, or lack of it, is recognized in specific equipment. 
In addition, practices that will promote effective implementation 
and continuous improvement of ERM must be developed. 

A strawman model that would support analysis of the impacts 
of various methodologies on the manufacturing environment would 
be useful. Such a model should address matching of capabilities, 
design issues and rules, maintenance, installed base, culture, and 
organization. Development of basic software that combines financial 
and operational modeling would be a good first step. 

Summary 

Manufacturing is easily the most challenging and complex 
system in any organization. ERM must be recognized as an inte¬ 
gral part of manufacturing that has a major impact on quality and 
productivity. Viewed as a discrete activity performed at different 
points in the manufacturing process, ERM will not achieve its 
full potential. It must be viewed as a system within the larger 
manufacturing system, a system that can be modeled in successful 
operation. 

The research agenda should reflect the present perspective on 
ERM. It should not be guided by the all-too-common inclination 
to move ahead by leapfrogging to the next high-technology pla¬ 
teau. Rather, research should follow the model that takes the 
long-term view while working hard on short-term activities. The 
Japanese have done it by adhering to the basic principles of moti¬ 
vation, commitment and understanding, and training and disci¬ 
pline. Inquiries into ERM in the next generation of equipment 
should be based on practical investigations into improving it in 
the present generation. 

To this end, research in the area of ERM should be directed at 
finding ways to: 

• inculcate the attitude that equipment should improve through 

use; 
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• identify and analyze operational changes that might enhance 
RM and inform equipment suppliers of these changes; 

• communicate ERM requirements in clear, operational terms; 

• support industrywide collection and analysis of standard- 
,ed ERM data,- 

• foster an understanding of enterprise optimization; and 

• make all of the foregoing accepted practice from the shop 
or to the executive suite. 

NOTES 

1. Just-in-time (JIT) is a method of manufacturing by which parts and assem- 
es are made or delivered as needed, thereby greatly reducing inventory. 

2. National Advisory Committee on Semiconductors. 1989. A Strategic 
dustry at Risk. Washington, D.C. November 1989. 

3. In many companies, the capital approval process specifies different levels 
authorization depending on the size of the request. Small investments (under 
00,000, say) may need only the approval of the plant manager,- expenditures in 
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Manufacturing of and 
with Advanced 
Engineered Materials 


A.DVANCED ENGINEERED MATERIALS (AEMs) Ere high 
value-added materials that invariably perform better than con¬ 
ventional materials, yielding products that, for example, are lighter, 
have broader service temperature ranges, are multifunctional, or 
have better life-cycle performance. The added value may result 
from either more expensive components (e.g., fibers) or a sophis¬ 
ticated or difficult processing sequence. Such processing must 
produce materials that satisfy both the geometric and property 
demands of the application without degrading them. Hence, control 
of processing details and near net shape technologies become in¬ 
creasingly important. Where standard product forms do not exist, 
or the market for these materials is potentially specialized and 
limited, considerable capital investment or flexible manufacturing 
schemes will be needed to establish reliable, reproducible production 
capability. 

This chapter focuses on the unique processing and manufac¬ 
turing challenges and opportunities of AEMs. It presents examples 
of classes of engineered materials and considers the state of the 
art of processing science and simulation as well as the goals of 
design for manufacturability and economic modeling and projec¬ 
tions. Future needs and directions are presented from the focus of 
advanced materials, since their use can introduce barriers to opti¬ 
mization outside the normal scope of manufacturing science and 
engineering. Also considered are needed research in materials 
science and engineering, the need for expanded and revised educa- 



ADVANCED ENGINEERED MATERIALS 


79 


tional programs and objectives, and methods for better integrating 
materials-specific issues in manufacturing. 

Engineering applications that challenge the capabilities of 
conventional materials are often best addressed by a host of AEMs, 
such as: 

• high-temperature structural materials (e.g., monolithic and 
composite intermetallics and ceramics), 

• high modulus materials (e.g., liquid crystal polymers and 
supermodulus copper-nickel periodic layered structures), 

• multilayered heterostructures (e.g., ternary/quaternary 
compound semiconductors, and silicon-germanium alloys), 

• advanced coatings (e.g., diamond films and electronic pack¬ 
aging), and 

• optical materials. 

The scale of a material's structure may vary from macro¬ 
scopic, as in fiber-reinforced composites or multiphase alloys, to 
molecular or atomic, as in multilayer semiconductors or copoly¬ 
mers. The inevitable presence of interfaces poses a unique set of 
challenges for both the producers of such materials and the manu¬ 
facturers who process them. With fiber-reinforced composites, 
for example, understanding wetting and dispersion of fibers and 
concomitant interfacial reactions is critical to the design of manu¬ 
facturing paradigms and prediction of system stability during use. 
In multilayer materials for electro-optic applications, whose prop¬ 
erties stem directly from the ability to control and exploit pro¬ 
cessing parameters, controlling growth of pseudomorphic layers is 
not only integral to the manufacturing process, but is, in effect, 
the driver. 

STATE OF THE ART 

Issues of simulation and the scientific, engineering, and economic 
bottlenecks associated with AEMs, are examined in light of the 
following considerations: 

• stability of microstructure and interfaces throughout pro¬ 
cessing, manufacturing, and use,- 

• lack of property and predictability data bases, and of appro¬ 
priate institutional settings for disseminating such information,- 

• existence of niche markets and boutique materials,- 

• special processing requirements and manufacturing equip¬ 
ment, and transient and nonequilibrium processes; 

• need for flexible and accurate process control; 
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• difficulty in identifying, measuring, and controlling critica 
parameters; and 

• safety, environmental, economic, and educational issues ir 
manufacturing. 

These issues are examined first from the perspective of mate 
rials processing and manufacturing and then in light of the educa 
tional and training infrastructure that supplies processors and manu 
facturers. 

Materials Processing and Manufacturing 

To illustrate the critical need to understand and control pro 
cessing better in the production and use of AEMs, some critica 
aspects of the state of the art are identified for two broad classe 
of composite AEMs, polymeric and metal-based. 

Polymei-Based Composites 

Problems in processing polymer-based advanced materials, boti 
in synthesis and in conversion to useful articles, stem large! 
from the heterogeneous nature of the materials. Composite structure 
are a well-recognized aspect of materials such as continuous fibei 
reinforced thermosetting polymers. They are also present, thoug' 
not as obviously, in many other advanced polymers. For exampk 
a toughened thermoplastic for automotive bumpers may consis 
of a miscible blend of ductile amorphous polymer with a crysta. 
line polymer (to add solvent resistance), blended immiscibly wit 
an elastomer for toughening. As another example, liquid crysta! 
line polymers are highly ordered within domains, but the macro scopi 
orientation of the domains depends strongly on the material' 
processing history. 

The properties of all of these composite and compositelik 
materials are functions of the microstructure—that is, of the size; 
shapes, and arrangements of the component phases or materials- 
and are determined by the nature of, and forces at, the interface; 
Designing processes that will result in the desired microstru( 
tural and interfacial characteristics and behavior presents a uniqu 
challenge. Traditional methods, such as winding a continuor 
filament in a desired pattern and impregnating it with a lov 
viscosity thermosetting prepolymer, or laying up prepregs, are suitab] 
only for a limited class of applications. It would be useful t 
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extend the above approach to thermoplastics to take advantage of 
the shorter fabrication cycles, increased toughness and repairabil- 
ity, and recyclability of scrap. However, the relatively high vis¬ 
cosity of thermoplastic matrix materials makes the wetting and 
impregnation of fiber bundles difficult, so that new manufacturing 
concepts are required to make these AEMs commercially viable. 

Blend or alloy polymers, liquid crystalline polymers, and short- 
fiber reinforced thermoplastics are characterized by inability to 
control their microstructures during manufacture and processing 
into components. This situation is attributable in part to lack of 
understanding of the interrelationship between the materials' thermal 
and deformation history and their microstructure. Increased un¬ 
derstanding in this area is essential for the invention of new pro¬ 
cesses and control mechanisms. 

The sensitivity of specific properties to a material's micro¬ 
structure also makes it difficult to predict resultant properties, 
even when the properties of the components are well known. Although 
this problem is most severe for ultimate properties, such as strength 
and elongation to failure, and for endurance properties, such as 
creep and fatigue, even the small strain properties, such as elastic 
moduli, are difficult to predict, particularly for design purposes. 


Metal-Matrix Composites 

Forming parts from metal-matrix composites (MMCs) customarily 
involves adapting methods that originally were developed for 
monolithic materials. Powder metallurgy and liquid/slurry casting, 
the two principal adaptations, are at best compromises that reflect 
constraints and options that include required performance, relevant 
properties, ease of process adaptation, and cost. 

MMCs involve engineered macroscopic and microscopic ar¬ 
rays of two or more phases or materials that may not be in ther¬ 
modynamic equilibrium, which often leads to interfacial insta¬ 
bilities. The result is that interfacial structural and chemical 
changes can occur rapidly in critical temperature-time conditions. 
In addition, neither property requirements nor processing meth¬ 
ods are fully understood in relation to the detailed macroscopic 
and microscopic configuration of the multicomponent array and 
with the interfaces between the components in the array. 

These considerations translate into several major concerns 
that must be resolved if MMCs are to become a major option for a 
broad range of manufactured products. 
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1. MMCs achieve unique properties through systematic com¬ 
binations of different constituents with significantly greater pro¬ 
cessing complexity than is usually required for monolithic mate¬ 
rials. The main concerns are structural (fiber-matrix) variables, 
property requirements, and processing options, including variables 
such as fiber composition, structure, relative dimensions and ori¬ 
entation in the matrix, nature and stability of bonding at the 
interfaces, and matrix mechanical and physical properties. These 
structure, property, and processing options form a three-dimen¬ 
sional matrix through which well-defined paths need to be identi¬ 
fied to optimize properties and performance while controlling pro¬ 
cessing and structural complexity. For example, careful mapping 
may reveal that two or more presently used combinations are 
redundant, in which case a choice may be made on the basis of 
cost and manufacturability alone. 

2. A fuller understanding is needed of how processing options 
upgrade or degrade the performance of MMCs. The properties of 
an MMC are optimized when a spatially uniform dispersion of 
oriented and undamaged fibers or whiskers is in intimate, bonding 
contact with a structurally and compositionally uniform metallic 
matrix having high (near theoretical) density. Such optimization 
is exceedingly difficult to achieve without favorable bonding 
characteristics between a dispersant and a matrix that have been 
thoroughly mixed. Good fiber/whislcer wettability is an essential 
characteristic for an MMC processed by foundry methods. 

3. Metal matrix-ceramic fiber combinations, whose poten¬ 
tial for widespread use in manufactured products is promising, are 
currently optimized for in-service properties, but not for processability. 
Intrinsically poor fiber-matrix bonding/wettability is made acceptable 
only through complex, difficult-to-control processing steps, such 
as precoating fibers and/or alloying and premelting the matrix to 
improve its wetting characteristics. Both of these steps, which 
have been developed empirically, can degrade the physical and 
mechanical properties of the MMC, especially if excessive chemical 
interpenetration and structural alteration occur at the fiber-ma¬ 
trix interface. 


Educational Infrastructure 

Over the past several decades, a serious erosion of attention 
to materials processing in university materials engineering programs 
has been allowed to occur. Of the many factors that have contributed 
to this trend, two are relevant to the present discussion. 
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1. Growing emphasis in the literature on basic structure-property 
relationships has led to an increasing classroom and laboratory 
focus in this area. 

2. Teaching of materials processing continues to focus prima¬ 
rily on traditional, mainly metallurgical practices. Processing of 
most of today's AEMs (metals, ceramics, polymers, electronic ma¬ 
terials) relies on methods that are foreign to traditional metallur¬ 
gical practice, and, therefore, are unfamiliar to faculty who do not 
have contact with industry. 

In short, materials processing has lost ground in materials 
engineering education in terms of emphasis and technical timeli¬ 
ness. The timing of this lag is unfortunate because structure, 
properties, and processing are inseparably melded in AEMs, and 
the required processing is rarely a simple extension or adaptation 
of traditional processing methods. 

VISION 

The current trend is to look beyond the well-defined catego¬ 
ries of materials such as metals, polymers, and ceramics. The 
materials of the future will be composites of all of these. Ceramic 
fibers are strengthening metal matrices; polymers, strengthened 
with woven fabrics, are providing radically new materials with 
improved strength and toughness and lower density. These tech¬ 
niques continually will be exploited and expanded. 

Engineering is moving increasingly from simple use of those 
materials' properties that can be found in a handbook to the 
customization of materials' properties for precise uses. This greater 
differentiation in composition or form from traditional practice 
can lead to more value added during fabrication. This often leads 
to composite structures. For example, the most sophisticated packages 
of very large scale integration (VLSI) chips are made from inter¬ 
penetrating layers of metals, ceramics, and polymers, requiring 
advanced processing to create micro- and macrostructures designed 
to yield desired performance characteristics. 

The key to success in this arena has been continuing develop¬ 
ment of composite materials and concomitant control of micro¬ 
structures. One result has been that knowledge of materials and 
components has greatly expanded from the late 1950s to the present. 
An extensive knowledge base has been built in metals solidification, 
for example, allowing metal micro- and macrostructures to be 
correlated with both the solidification rates of alloy systems and 
the particular equilibrium thermodynamic relationships of a system 
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ceramic alloys, whose equilibrium thermodynamic and kinetic re¬ 
lationships have parameters and functional forms similar to those 
of the metal alloys, extension to more complex systems is not yet 
possible. This lack of a more sophisticated data base clearly in¬ 
hibits exploitation of AEMs. 

Versatile new processing methods for electronic materials— 
including plasma-enhanced etching and deposition, lasers and other 
high-energy beams, and high-energy radiation for photolithography— 
greatly increase packing density in integrated circuits and offer 
new possibilities for high-speed and optoelectronic devices. Sub¬ 
micron features made by electron beam, X-ray, and synchrotron 
radiation will permit the development of integrated circuits (ICs) 
that have many millions of transistors and capacitors properly 
interconnected on a silicon chip. The use of plasma-enhanced 
processes, flash lamps for annealing, high-pressure oxidation, ion 
implantation, and other advanced processing methods permits 
fabrication of semiconductor devices at much lower temperatures 
than is possible by more traditional means, leading to devices 
with smaller geometries and fewer defects. New crystal growth 
techniques, such as molecular beam epitaxy and organometallic 
chemical vapor deposition, which not only allow growth of multilayer 
heterostructures of compound semiconductors, but also the com¬ 
bination of silicon with III-V compounds (e.g., gallium arsenide 
and indium phosphide), are extremely promising for a variety of 
high-speed and optoelectronic devices and systems. 

CHALLENGES 

The progress in materials processing and development of new, 
complex systems, though impressive, has resulted largely from 
empirical research and nongeneric development, often separated 
by distance and philosophy from the production environment. Clearly, 
this must change. 

An emphasis on manufacturing technologies will be critical in the 
early stages of any new materials development. Because processing 
affects every aspect of the properties of AEMs, processing methods 
should be integrated into design and development from the beginning. 
At the same time, to ensure that manufacturing steps do not degrade 
properties of AEMs, sensitivity to materials' properties should be 
explicitly integrated into design paradigms. Planning manufacturing 
steps so that final processing occurs during shaping and assembly, 
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for example, might reduce production costs. Indeed, the entire pro¬ 
cess, from understanding the applications and technical needs of the 
customer through design and manufacture, including timely distri¬ 
bution, must be integrated into a well-understood and coherent 
procedure. The challenge today is to achieve excellence in each 
of the activities involved in the design, development, production, 
and distribution of AEM-based products to customers. Excellent 
functional capabilities must be integrated with other capabilities 
in the manufacturing organization to achieve superior overall 
performance. The critical functions in an AEM company include: 

• acquisition and implementation of science and technology 
for AEM products and deep processes,- 

• complete understanding of customer needs and, more broadly, 
of emerging markets,- 

• superior production capabilities, including product and pro¬ 
cess design and implementation; and 

• effective organizations and systems for sales, service, and 
distribution. 


Process Simulation and Modeling 

Because the AEMs of the future will offer a broader range of 
microstructural and process options, process simulations will be 
needed to help select materials development and manufacturing 
pathways. Materials engineers must be able to explore a greater 
range of options and predict the linkages between processing con¬ 
ditions and material microstructure, and between that microstructure 
nd the behavior of the material. Computer simulation offers an 
opportunity to assess competing development approaches while 
educing the delay and cost associated with prototype construc- 
ion and experimentation. 

AEMs will be required to adhere even more closely to their 
performance thresholds, which will require tighter quality con- 
rol. Production of such materials will rely on improved process 
control that is founded upon a deep understanding of the control¬ 
ling parameters. Process simulation is one route to this under¬ 
standing, with the goal of developing intelligent processing of materials 
(IPM) systems. 

Process simulation can facilitate rapid prediction of materials 
characteristics (e.g., shape, microstructure, and residual stresses) 
s a function of processing parameters, which leads naturally to 
appropriate control strategies. A successful simulator must embody 
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the physics of the process in analytical, numerical, and heuristic 
models, using, where necessary, approximate solutions and 
precalculated results, and learning to increase system responsive¬ 
ness. The simulator must run fast enough to hold the attention 
of the user through "what if" analyses of process design and op¬ 
erational options. The models should be patterned after computer 
models that simulate aircraft flight and operation; they must be 
fast enough to give the user the feeling of controlling the process, 
and user interfaces should rely heavily on rapid, real-time graphics 
and permit, as required, system reconfiguration and analysis of 
process output data. 

The processes used to produce AEMs involve a broad spec¬ 
trum of physical phenomena, which must be incorporated into 
the simulator models. Available models usually focus on a lim¬ 
ited subset of individual phenomena, which themselves may en¬ 
tail considerable approximation and computation. Because most 
real processes involve many phenomena operating simultaneously 
and synergistically, the challenge is to develop an integrated set 
of models of the materials system that operate fast enough for the 
proper functioning of a simulator. One way to increase simula¬ 
tion speed is to establish a hybrid modeling approach that com¬ 
bines precalculation with enhanced numerical models founded upon 
reduced-order models. 

Process simulation for materials and process development for 
IPM implementation requires models that predict the evolution 
of microstructure. Prediction of the influence of thermal and fluid 
flow and deformation processing on residual stresses and micro¬ 
structure is especially difficult because of the relative lack of so¬ 
phistication of microstructural modeling and the difficulty of sym¬ 
bolically describing microstructural features. 

Ideally, the process simulator should be usable in several modes 
to enhance material quality and speed the move from materials 
development to production implementation. It should be able to 
deduce directly the combined effect of materials design and process 
planning on product characteristics and the effects of these char¬ 
acteristics on properties. It also should be able to determine which 
process parameters and intermediate microstructural characteris¬ 
tics exert the greatest impact on materials properties and product 
quality, thus facilitating identification and ranking of sensor needs 
and formulation of intelligent control procedures. Finally, the 
simulator should aid in diagnosing on-line production difficulties 
and replanning to correct deviations from the intended process 
trajectory. 
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Knowledge-Based Systems 

Superior AEMs are expected to result from the use of expert 
systems technology to integrate systematically processing knowl¬ 
edge and materials science. The success of the reasoning tools 
needed to integrate symbolic knowledge of materials design, pro¬ 
cess planning, and IPM will depend on the understanding of the 
underlying materials science and the logic of the problem-solving 
approach employed. 

To date, only modest success has been achieved in applying 
knowledge-based systems technology to materials systems. Plan¬ 
ning approaches based on artificial intelligence (AI) are being used 
to aid in the design of conventional alloys, as demonstrated by the 
Aluminum Alloy Design Inventor (ALADIN) system, 1 jointly devel¬ 
oped by Carnegie Mellon University and Alcoa Research Laborato¬ 
ries. Another achievement has been the use of expert systems con¬ 
cepts to incorporate symbolic process operator knowledge into the 
formulation of process control. Each of the above has demonstrated 
some success in either production or control, but not in more clearly 
delineating the formidable problems that remain. 

More powerful expert systems are clearly needed to represent 
more expressively materials and process engineering knowledge 
and to facilitate operation of intelligent control systems. A major 
challenge is to build intelligent controllers that are capable of 
translating materials and process understanding and reasoning ap¬ 
proaches into planning and control formulations that can be ex¬ 
ecuted by computer programs. 

Another challenge is related to the communication and display 
of scientific information. Materials scientists often use geometrical 
representations (e.g., graphs or pictures) to express phase relationships 
and microstructural and fractographic descriptions. Words and 
numbers cannot adequately express geometric information, and 
because AEMs incorporate an extremely wide spectrum of micro- 
structural features that span several hierarchical levels, no single 
photograph or diagram can encompass them all. 

Materials scientists can infer the succession of phases, as 
well as phase chemistry and volume fraction, by tracing the mul¬ 
tidimensional pathway through phase and transformation diagrams, 
the most commonly used means of relating phase constituency 
and temperature dependence for complex alloys. Reasoning is 
performed by coupling the graphical thermodynamic and kinetic 
representation with other microstructural and experiential knowledge, 
with the aim of solving these problems and others that are sure to 
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emerge. Developing paradigms and software to facilitate efficient 
component manufacture has the ultimate goal of producing high 
quality materials that are free from damaging flaws, residual stresses, 
and microstructural abnormalities. 

IPM is a powerful processing concept that promises to integrate 
fully process knowledge, models, sensors, and control technology. 
The successful IPM control system will use an Al-based controller 
to establish processing plans and coordinate operation of a conven¬ 
tional dynamic control system in order to provide consistent and 
logical processing plans and decision making throughout the cycles 
of materials development and production implementation. 

Development of such intelligent control relies on advances in 
understanding of materials processing, Al-based planning, and control 
technology. Determination of materials' microstructures, residual 
stress states, and processing pathways and identification of related 
reasoning strategies are all within the province of materials scientists 
and process engineers. These factors need to be reduced to a 
coherent generic format before an intelligent control design can 
be developed and the necessary software implemented. 

Sensors 

A critical part of IPM systems is sensors that provide highly 
detailed macroscopic information on dimensionality, position in space, 
shape, velocity and acceleration, global and local temperature, and 
compositional distribution, as well as on any number of other physical, 
chemical, electrical, optical, and magnetic properties. One multisensor 
approach using large, reliable, reproducible data bases mimics human 
operators to provide guideposts for integrating interrelated factors. 
For example, multiple sensors might provide information on forces, 
temperatures, and acoustic emission responses that can be processed 
in one or more ways (e.g., neural networks or parallel processors, 
least square regression fits to operating algorithms, or data handling 
by group methods), each intended to predict heuristically the value 
of a dependent variable from sets of independent variables. 

Examples can be given of the role of sensors in the intelligent 
processing of AEMs. Piezoelectric transducers currently are used 
to pulse, receive, and process three independent, ultrasonic velocity 
components to provide in-process evaluation of the fiber-volume 
fraction, void content, degree of cure, and residual stresses of pultruded 
composites of fiber strands in a polymeric resin. When all bath 
control parameters and their interdependencies are fully estab¬ 
lished, quality improvement presumably will follow. Similarly, 



positional and mechanical sensors serve the multiple roles of pro¬ 
cess variable, control sensor, and recipient of encoded data and— 
with a laser beam—perform multilayer laser sintering to produce 
unique, controllable, and variable properties in turbine blade retrofitting 
applications. For less routine sensor applications (e.g., very high- 
temperature materials, unique combinations of materials with vastly 
different properties, and requirements for property controls at the 
atomic or molecular level), the technological barrier continues to 
be the lack of sufficiently predictable and controllable rule-based 
or knowledge-based systems to interface with existing and emerging 
sensors. 


Technical Cost Modeling 

Producers of AEMs must (1) understand the needs and desires 
of materials users and (2) provide desired products at the lowest 
possible cost. Although they seem simple in theory, these problems 
are ambiguous and difficult to solve in practice. 

For example, the value of performance characteristics and the 
costs of achieving them are often not clear even to materials users. 
Moreover, explicit trade-offs, such as initial cost versus density 
versus stiffness versus service life, often are not well defined. 
Finally, numerous trade-offs and interactions among product design, 
raw material, and process will determine the cost of production 
once market needs become clear. 

Methodological approaches to these problems, though still 
imperfect, have proved useful. One technique, multi-attribute 
utility analysis, has been used successfully to analyze the techni¬ 
cal and economic trade-offs implicit in the materials selection 
process. Another, an engineering-based approach called technical 
cost modeling , uses computer simulation to determine the cost of 
producing components by alternative processing methods. 

Here is one common formulation of the materials selection 
problem: Given a set of materials X, each possessing properties x, 
select the material X i that, when used in product Y, gives the product 
the best set of characteristics Z*(x). The ease with which this 
problem can be stated belies the complexity of the computation 
required to solve it. The problem divides naturally into two parts. 
The first treats the problem of relating the materials properties, x, 
to the performance characteristics of the product, Z(x). Though at 
present it may not be possible to characterize every performance 
characteristic of a product in terms of its constituent material, in 
general this part of the problem may be satisfactorily solved through 
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a variety of engineering and economic analyses. The second part 
of the problem cannot be addressed so easily. Though engineering 
science is a remarkably complete tool for estimating the performance 
of a product as a function of its materials properties, it is ill- 
equipped to determine the best set of characteristics Z*{x). This 
latter problem can be grouped with a large class of decision analysis 
problems, termed multiobjective problems, that are characterized 
by the requirement that several objectives (or criteria) must be 
realized through a single course of action. In the case of the 
above problem, the selection of material X must lead to a best set 
of product performance characteristics that satisfy a potentially 
wide range of objectives. 

The critical feature of this problem (and multiobjective prob¬ 
lems in general) is that the values of the decision maker must be 
incorporated explicitly into the decision calculus. Only in extremely 
specialized circumstances can the best selection be made without 
an explicit treatment of the preferences of the decision maker. 
This point can best be demonstrated by a specific example of 
technical cost modeling (Figure 4-1). Suppose three alternative 
materials may be used to make an automobile body panel. A 
panel made of material A would cost $10 to make and weigh 5 
pounds,- a panel made of material B would cost $8 to make and 
weigh 8 pounds,- a panel made of material C would cost $9 and 
weigh 8 pounds. If the objective of materials selection is to reduce 
cost and weight, which material should be used? 

Examination of the alternatives reveals that material C should 
never be used if it is always better to reduce cost and weight. 
Any panel made of material C could be made at less cost and at 
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he same weight using material B. In the language of multiobjective 
oroblems, material C represents a "dominated solution" (i.e., other 
solutions are unqualifiedly better). 

Of the remaining alternatives, material A offers low weight at 
ligh cost, and material B provides low cost at high weight. These 
ilternatives are said to constitute the set of "nondominated solu- 
ions," solutions that, when compared to other members of the 
londominated set, have characteristics that are at least as good 
md at least one characteristic that is better. Many other charac- 
eristics will have to be built into such a model to justify the use 
)f expensive (boutique) materials, particularly if performance trade- 
)ff is an option. 

Technical cost modeling is an extension of engineering process 
nodeling, with particular emphasis on capturing the cost implications 
)f process variables and economic parameters. With cost estimates 
grounded in engineering knowledge, critical assumptions, such as 
u'ocessing rates and energy and materials consumption, interact 
n a consistent, logical, and accurate framework for analysis. Technical 
:ost models can variously be used to: 

• establish direct comparisons between process alternatives; 

• assess the ultimate performance of a particular process,- and 

• identify limiting process steps and/or parameters, and de- 
ermine the merits of specific process improvements. 

Consider the results of a preliminary analysis, using techni- 
eal cost modeling, of making a printed circuit board with an MMC. 
Currently, most high-powered avionics circuit boards are fabri¬ 
cated around a highly conductive core to facilitate heat removal, 
vhich must occur through the circuit board itself. Substituting 
or the current materials (usually copper-clad Invar (CIC) or cop- 
oer-clad molybdenum (CMC)), an MMC such as graphite-reinforced 
duminum could reduce the weight of the board without an appre¬ 
ciable loss in heat removal capability. To estimate the potential 
costs of such a board, a probable manufacturing process stream 
vas developed and an associated technical cost model was used to 
explore the effects of manufacturing yield on the competitive po¬ 
sition of the MMC-core board. The problem with manufacturing 
:hese boards is the low yield associated with laminating onto the 
netal core. The cost model was specifically designed to assess the 
effects of yield on the total cost of the board. As Figure 4-2 
shows, the MMC board system must demonstrate yields on the 
order of 80 percent or higher to compete with the current CIC 
ooards. Consequently, no such boards are being produced. 
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Yield of Process 

FIGURE 4-2 Cost of assembly versus yield of circuit boards with cores of 
copper-invar, copper-molybdenum, and aluminum-graphite. 


Such economic models of both materials and associated pro¬ 
cessing are clearly critical for maximizing the usefulness of AEMs. 

RESEARCH NEEDS 

Research needs in AEMs fall into three overlapping areas: (1) 
materials-specific problems, (2) issues of integration, and (3) barri¬ 
ers to understanding resulting from inadequate education and training. 


Materials 

There is a pressing need for materials-specific research, par¬ 
ticularly on the relationships among synthesis, processing, prop¬ 
erties, and performance. Research in polymers, for example, should 
be directed at problems of fairly general or wide applicability, 
problems that, by their nature, will require the application of a 
variety of scientific and engineering disciplines. Examples include 
pultrusion with high viscosity thermoplastic matrices, effects of 
flow fields on discontinuous fiber orientation, and dispersion and 
adhesion of immiscible polymer melts. 

The complex multiphase-flow conditions associated with the 
casting of MMCs, which limit exploitation of potentially low-cost 
foundry methods of manufacturing, also need to be studied. Mol- 
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en MMCs, which may carry a 30- to 50-percent volume burden of 
iber with a high aspect ratio, are very complex multiphase fluids 
vhose dynamics and hydraulics differ significantly from those of 
nolten monolithic alloys. Although these multiphase parameters 
ire well developed and understood in the chemical processing 
ndustry, their adaptation to the foundry processing of MMCs is 
>rimitive at best. Research is needed to ascertain how existing 
lydraulic models can be applied and what new, more complex 
nodels are required. 

The casting of slurries containing mixed solid and liquid metal 
md solid dispersed fibers, and the injection molding of a liquid 
natrix in molds containing long-fiber preforms, where penetra- 
ion and partial solidification occur simultaneously, pose even 
nore difficult problems. Both of these complex fluid flow pro¬ 
cesses, which are now treated empirically, will have to be better 
esearched and modeled before they can be used successfully with 
vlMCs. 

Further, it is not obvious that the adaptation of powder met- 
tllurgy and foundry processes, the current methods of choice, to 
he manufacture of MMCs is most compatible with flexible 
nanufacturing operations. Possible alternatives include liquid 
nfiltration into long-fiber windings, tape methods analogous to 
hose used for polymeric matrix materials, and vapor methods, 
ncluding infiltration of fiber in vapor form into a porous matrix 
md infiltration of matrix vapor into a fiber preform. These and 
ore radical processing approaches should first be modeled, then 
explored in the laboratory. Promising options could then become 
>ilot studies. 

Similar problems in the previous generation of AEMs (e.g., 
iingle crystal nickel-based superalloys) were solved by using in- 
eractive temperature and position sensors to extend empirical 
esearch to process models and control. Because property data are 
aclcing, especially in multilayered heterophase structures for 
dectrooptical applications, current problems tend to be much more 
complex. 

In the future, it will be necessary to be able to design the 
nicrostructure to obtain a given set of properties and then design 
naterials processing techniques to yield the desired parameters, 
nnovation in process development, using fundamental principles, 
vill be needed to gain this objective. Methodologies for designing 
nicrostructures and processes to generate materials with desired 
uroperties must be developed as an academic discipline and taught 
:o future engineers and scientists. 
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Integration 

A focus on processing science is needed to create predictor 
maps to illustrate graphically the interdependence of materials, 
processing, manufacturing, performance, and cost. In addition, 
process models for representing thermodynamic and kinetic con¬ 
siderations need to be developed and integrated with realistic ex¬ 
pert systems. Research is required to develop process modeling 
tools that relate processing conditions to materials characteristics 
and materials characteristics to materials properties and product 
quality. This research must yield a common modeling basis that 
can be exploited by simulations of disparate physical phenomena 
in order to arrive at better models of complex (fluid/heat) flow. 
The key to the success of this research is microstructural model¬ 
ing and improved descriptions of micro structure. In a scientific 
climate that is marked by discontinuity between observation and 
theory, it is critical to extract maximum understanding from ob¬ 
served system behavior. Such is the case for materials processing, 
where data are extracted continuously from processing operations. 
It is clear that this expanding body of information can only be 
exploited through the use of expert systems. 


Education and Training 

Educational goals in materials processing and manufacturing 
science must be reformulated at both the undergraduate and graduate 
levels. The current lack of emphasis on fundamental processing 
principles and their relevance to the manufacture of products presents 
a problem over virtually the entire spectrum of AEMs, from composites 
to multilayer materials to electronic materials and beyond. A 
new focus on processing is needed, taught in one or more course 
sequences, to couple expanded knowledge bases in solid- and liq¬ 
uid-state diffusion, reaction kinetics, fluid flow, and other essen¬ 
tial areas to a set of systematic manufacturing-oriented processing 
principles and practices that apply over a range of AEMs. 

An alternative, or perhaps complementary, approach is the 
development of teaching factories. These joint ventures by aca¬ 
deme, industry, and government would provide facilities for real¬ 
istic materials manufacturing and processing experiments, which 
would undoubtedly lead to improved simulators, models, and con¬ 
trollers. The goal of this type of program would be to inculcate in 
students and practitioners the intellectual elements of an inter¬ 
disciplinary manufacturing environment sufficient to educate them 
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in new materials developments and manufacturing techniques. 
Individual teaching factories might be organized around particular 
state-of-the-art engineered materials technologies, reflecting the 
priority applications of the academic, industrial, and government 
partners. 

The teaching factory concept might be extended to create a 
facility for rapid prototyping of advanced designs for or with AEMs 
or applications. The National Submicron Center at Cornell Uni¬ 
versity and the Metal Oxide Semiconductor Implementation Sys¬ 
tem (MOSIS) at the University of Southern California, for example, 
were initiated to support the fabrication of integrated circuit (IC) 
designs prepared at any university. The Submicron Center fabri¬ 
cates advanced electronic and optical structures by molecular beam 
epitaxy and e-beam submicron lithography. MOSIS, funded by 
the Defense Advanced Research Projects Agency, provides access 
to semiconductor process lines for fabricating IC designs in metal 
oxide semiconductor (MOS) technology for a given set of design 
rules that are updated frequently as the technology evolves. De¬ 
signs are fabricated and shipped to their designers within weeks 
of receipt. The MOSIS program is said to have trained a new 
generation of IC designers. Yet another example is the Instru¬ 
mented Factory Gear Center at the Illinois Institute of Technol¬ 
ogy, which is exploring new ways to produce, usually through 
machining, precision gears made of both conventional materials 
and AEMs. Materials properties are considered initially, and edu¬ 
cation and training are focused objectives of the program. 

A host of similar opportunities can be envisioned for other 
AEMs and applications. For example, research programs currently 
exist that are aimed at producing flexible manufacturing cells and 
designing new materials and products. Creating a way to couple 
these design efforts and fabrication opportunities would greatly 
accelerate the use of new technologies and make more effective 
use of existing capital assets. A teaching factory might provide 
widespread access to rapid prototyping of designs for and with 
AEMs, and realistic, challenging products for flexible manufactur¬ 
ing cells. The resources of such a facility could be applied to a 
variety of materials processes such as: electrolysis of interface- 
dominated copper-nickel laminates (supermodulus materials), po¬ 
tentially useful in printed circuit boards or structural applica¬ 
tions; new, dieless forming processes driven by computer-aided 
design (CAD) data typified by commercially available systems for 
plastic parts; compound semiconductor (e.g., gallium arsenide), 
molecular beam epitaxy (MBE), metal oxide chemical vapor depo- 
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sition, or elemental semiconductor MBE systems (silicon and ger¬ 
manium), including, for the fabrication of semiconductor and structural 
products, an ultrahigh current implanter for oxygen and nitrogen; 
flexible turning or machining; and laser ablation requiring a facil¬ 
ity capable of fabricating films from a broad class of materials 
systems, which provides a fertile field for new designs with dis¬ 
similar materials. 

Although new facilities could be established as teaching fac¬ 
tories, it would be advisable initially to test processes that could 
operate in existing facilities. Funding a facility to provide fabrica¬ 
tion services would benefit the facility by providing data that 
could minimize process setup time and enable facility designers 
to assess factors such as design manufacturability. The installed 
MBE machines at university, industrial, and government laborato¬ 
ries, advanced IC processing lines such as those at SEMATECH, 
and the flexible turning/machining cells at university productiv¬ 
ity centers are examples of existing teaching facilities, many of 
them very new as a result of university instrumentation programs 
and state efforts to create centers of manufacturing excellence. 

The payoff from expanding such facilities and applying the 
teaching factory concept will be designers temperamentally geared 
to exploit AEMs early. The goal is to use untapped brainpower to 
fuel the discovery process in the hope of realizing new electronic 
and optical devices and new structural materials. 


Research Guidelines 

Research directed at improving understanding and promoting 
the use of advanced engineered materials should be guided by the 
following considerations: 

• An early focus on integration of materials and processing 
requirements must be part of any manufacturing scheme. 

• The effects of processing—both to produce the material and 
to produce the product—on subsequent properties and performance 
should be modeled and experimentally verified. 

• Advanced structural and nonstructural materials, because 
of their unique micro- and macrostructures and ability to achieve 
highly desirable properties, should be central to the development 
of new manufacturing paradigms. 

• Specific research needs include predicting and understanding 
interfacial and structural stability through processing and manufac¬ 
turing steps, developing better process simulation methods that ac- 
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count for the microstructure of the material, applying appropriate 
AI and knowledge-based systems, particularly for processing, and 
obtaining real-time interactive control sensors. 

• Manufacturing needs must be explicitly included in educa¬ 
tion and training materials for scientists and engineers. Toward 
this end the development of teaching factories to achieve some 
goals is highly recommended. 

NOTE 

1. ALADIN—The Aluminum Alloy Design Inventor is an AI system that 
aids in the design of new alloys. The system uses traditional, rule based, qualita¬ 
tive methods as well as quantitative calculations. It applies both Abstract Planning 
and Least Commitment Decision Making. 

The problem of discovering a new alloy may be viewed as a search in the 
variable space defining an alloy. The initial state is a "root" alloy whose functional 
behavior is to be modified by altering the composition and processing. ALADIN 
uses symbolic reasoning to develop an abstract plan for the alloy design. This 
abstract plan contains decisions about the general microstructural features of the 
alloy to be designed as well as the alloying elements present and the processing 
methods uses. These quantitative decisions generate constraints on the quantita¬ 
tive decisions that are made later. A least commitment approach is taken to 
quantitative decisions, ranges of values are used as far as possible rather than 
single values. Determining whether these ranges and all the other constraints 
have a feasible region, i.e., if they can all be satisfied simultaneously, gives a 
criterion for the need for replanning. 

Declarative structured representations are used for metallurgical data and 
concepts. The knowledge base contains information about alloys, products and 
applications, composition, physical properties, process methods, microstructure, 
and phase diagrams. The microstructure of alloys is described by an enumeration 
of the types of microstructural elements present along with their characteristics. 
This allows a representation of both qualitative and quantitative knowledge about 
the microstructure. 

The methods developed in ALADIN forms a necessary basis and framework 
for future efforts focusing on specific aspects of materials design. For further 
detail see: "The Architecture of ALADIN: A Knowledge Based Approach to Alloy 
Design," by Hulthage, Farinacci, Fox and Rychener. IEEE Expert August 1990, pp. 
56-73. 
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Product Realization 
Process 


Product realization combines market requirement: 
technological capabilities, and resources to define new product design 
and the requisite manufacturing and field support processes. Th 
relevance and viability of specific elements of the product realizatio 
process (PRP) are determined by considerations related to the role 
of (1) customers, including channels and suppliers; (2) technologic 
feasibility, including information requirements; and (3) organizatior 
including people, management, and the incentives and measure 
that affect productivity. 


Customers 

Corporate commitment to quality and responsiveness will b 
key differentiators in the competitive environment of the futur< 
To accommodate rapid adjustment to customer needs, the PR 
must view customers as integral to the organization. More r( 
sponsive organizational structures and ready and rapid access t 
company information are essential for customers who want to b 
able to learn about the activities of and express their needs t 
companies in a timely manner. Customer requirements must t 
captured and made explicit—modeled, translated, and transforme 
in order to be useful in all phases of the product life cycle—an 
made available as needed throughout the enterprise. 
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Technology 

The technological infrastructure must support the manage¬ 
ment of very short product life cycles, be able to satisfy customer 
expectations for improved quality, deal with cost-competition pres¬ 
sures, facilitate complex manufacturing processes, including the 
integration of frequently changing equipment technology and evolving 
manufacturing applications, meet demands for high equipment 
availability, and be able to handle enormous volumes of data. A 
technology architecture is needed that provides a modular, heteroge¬ 
neous, distributed information processing environment that spans 
the entire system life cycle and includes specification of require¬ 
ments, implementation, maintenance and enhancement, and evolu¬ 
tion. Interfaces must be provided at all levels, from the factory floor 
(e.g., to processing equipment, robots, and materials systems) to 
corporate functions (e.g., to order entry, invoicing, and purchasing). 

Corporate technology must not only support, but also must 
be the catalyst for interaction among all parties on the route from 
concept to product. It must foster the development and exchange 
of information between different corporate cultures, break down 
communication barriers, and shorten cycle times. The cost and 
complexity of advanced manufacturing technologies will usher in 
an era of cooperative ventures. 


Organization 

The need for prompt adjustment to rapidly changing demands 
in today's markets dictates an organizational framework for prod¬ 
uct realization that is flexible and adaptive. Development of such 
a framework involves reshaping the corporate self-image among 
employees at all levels. Employees must be ready to adapt quickly 
and know what adjustments to make. Two prerequisites for 
adaptability are open lines of communication and constant access 
to a wide array of information—in effect, an integrated data base. 
Knowledge sharing and adaptability are matters of policy and 
management. Line management must put communication and 
adaptation on a par with material productivity and timeliness, 
and performance must be continually monitored and refined to 
ensure that information is accurate and complete and that adjust¬ 
ments are effective and secure. 

The commitment to communication must foster work groups 
and support outside business relationships. Work groups are needed 
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that can draw on companywide information as the basis for deci- f or e 

sions and immediately communicate their findings to interested s ha 

groups. The needs and resources of vendors and affiliates must be mei 

reflected in the data base so that companies can immediately in- enb 

corporate the results of new agreements in order to assess impli- pro 

cations and make adjustments. a dd 

Conclusions 

Shortening the product/process development life cycle will 
require both organizational and technological adjustments. Orga- diff 

nizationally, it will involve the integration of product and process tioi 

engineering into a single design effort that interacts with all as- the 

pects of the organization, including customers and suppliers. This des 

organizational change will rely on, and must be made in conjunc- cor 

tion with, the development of an integrated information systems tha 

infrastructure. dis; 

tea 

IMPORTANCE 

bas 

The increasing frequency of new product introductions in some pro 

markets has reduced the life spans of some existing products. As top 

the number of global competitors continues to grow and techno- wh 

logical developments in materials, information systems, and tio: 

manufacturing processes expand the scope of possibility, competition, ere 

previously cost-based, is becoming increasingly time-based—that for 

is, driven by responsiveness to market requirements and time to hui 

product entry. Ultimately, as the coupling of the business relationship cal 

between producer and consumer becomes tighter, time-based 
competition will bring about an era of mass customization driven rea 

by the voice of the customer. rea 

The emphasis in production has evolved from low-cost, labor- Eac 

intensive manufacturing through capital-intensive, high-volume it ] 

manufacturing to state-of-the-art, high variety, small-batch, flex- coi 

ible manufacturing. The latter reflects the need for increasing ucl 

responsiveness to market changes and presupposes shorter prod- to 

uct development intervals. The necessary changes in product re- , the 
alization—major organizational changes supported by major tech- the 

nological changes—are being driven by competition and fueled by be 

technological advances. evi 

Key external benefits of increased responsiveness include sur¬ 
vival, first to market, more flexible market strategy (e.g., higher mi 

entry price), ability to use the latest technology, more accurate tin 
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forecasts (resulting from shorter time horizons), and greater market 
share. Major internal benefits include control of product develop¬ 
ment through better regulated and communicated engineering changes, 
enhanced cooperation and more open information flow, and lower 
product realization costs (resulting from elimination of nonvalue- 
added activities). 

VISION 

As global competition intensifies, firms will increasingly seek 
differentiation from competitors through the PRP. Both organiza¬ 
tional and technological concepts will be employed to accelerate 
the product life cycle. Such concepts as concurrent engineering, 
design for manufacturability, and business or tiger teams will be¬ 
come common practice. Tiger teams are cross-functional groups 
that are organized to address key business opportunities and are 
disbanded when results are achieved. In the future more tiger 
teams will be geographically distributed. 

The PRP can be understood in terms of three planes: at the 
base, the physical plane (i.e., the tools, buildings, and physical 
processes and products); above that, the human plane; and at the 
top, the information plane (i.e., the concepts or representations of 
what is possible or desired). This is the model of product realiza¬ 
tion today—human beings working with limited information to 
create products through largely physical processes. In the vision 
for the future, the information plane assumes greater importance, 
human potential is amplified, and time dependence on the physi¬ 
cal plane is reduced. 

The resources of the information plane are constituted as product 
realization images. These images are representations in data of 
real world entities that behave as their physical counterparts do. 
Each image reflects the static and dynamic aspects of the reality 
it represents and can experience anything to which its physical 
counterpart in the real world can be subjected. Collectively, prod¬ 
uct realization images constitute an artificial reality that reacts 
to physical forces and breaks down or performs accordingly. But 
the greater power of these images lies in their ability to transcend 
the temporal limitations imposed in the physical plane; they can 
be used to accelerate time, to shorten the learning cycle, and to 
evaluate possibilities for trade-offs. 

A complete set of product realization images would be deter¬ 
mined by the set of products, processes, people, and business functions 
that interact in the course of the product development cycle. The 
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product designer's image set would consist of product images that 
embody all key features and analyze and react appropriately to all 
physical forces that impinge upon them. The manufacturer's im¬ 
age set would consist of factory images—equipment and process 
images that contain the information needed to analyze the inter¬ 
actions among key features of product images. Marketing's image 
set would simulate end-user environments in which product images 
could be exercised, perhaps in a video-game-like manner. The com¬ 
plete image set would support any life-cycle interaction from con¬ 
ception to consumption. The simulation environment, by control¬ 
ling the passage of time, would facilitate acceleration of the PRP. 

Increasing opportunities to substitute information for tradi¬ 
tional factory inputs, such as time, materials, and processing, will 
give rise to new organizational forms. Electronic virtual enter¬ 
prises will use the evolving technology infrastructure to tap and 
coordinate the resources of a large number of geographically dis¬ 
tributed organizations. Global information systems will enable 
networked firms to configure their product design, production, 
marketing, and distribution capabilities dynamically to produce 
low-volume products tailored to small, niche markets, as well as 
high-volume, mass-market products. These technological capabilities 
will have a profound impact on organization. Firms that take ad¬ 
vantage of these capabilities will become industry leaders. 

Computer-aided design (CAD) systems and emphasis on de¬ 
sign for manufacturability will transform design practice. Fea¬ 
ture-based design systems will enable designers to produce new 
products quickly. Such systems will evaluate manufacturability 
by using process, equipment, and materials models to validate 
product designs. 

Advances in process control and materials composition will 
invite a reexamination of the way materials are transformed. Near 
net shape processes will form materials so precisely to shape that 
no cutting is necessary, thereby eliminating much waste. Near 
net shape processes such as hot isostatic pressing of titanium 
alloys for aircraft engine components and bulk growth of gallium 
arsenide single crystals of high quality and yield have demon¬ 
strated the viability of this concept. Computer simulations of 
process models will yield improved understanding of complex pro¬ 
cesses. 

In the new product realization environment, physical capaci¬ 
ties will become more like commodities. They will be repre¬ 
sented by images in the information plane where organizational 
and technological transactions will occur much more rapidly. Com- 
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panies will manage both internal and external relations in a con¬ 
stantly shifting pattern to maximize competitive advantage, being 
both competitors and cooperators on different contracts at the 
same time. New industrial relationships will introduce new orga¬ 
nizational dynamics and new concepts of competition, ownership, 
nationality, resource availability, and profit allocation. Modeling 
in the information plane will greatly reduce the time constraints 
imposed by the physical world. Evolving product realization tech¬ 
nology, adopted by organizations that have the capacity to change, 
will be the key determinant of success in the time-based competi¬ 
tive environment of the future. 

PRESENT PRACTICE 

Product realization, as it is practiced in companies with state- 
of-the-art organization and technology, can be viewed as a series 
of stages (Figure 5-1). In the text that follows, a definition is 
offered for each stage and the present practice is contrasted with a 
vision for the future. Overall, the vision for product realization is 
to reduce the time required to go from left to right in Figure 5-1, 
possibly even eliminating some of the stages. 


Advanced Technology Development 

Definition 

Advanced technology development is the process of evolving 
new materials, processes, and tools for creating new, more competitive 
products. It is relevant research tightly linked to design, engineering, 
manufacturing, and marketing. 


Present practice 

Most advanced development organizations are at best loosely 
coupled to the rest of the enterprise. They tend to be autono¬ 
mous organizations, separate from design, engineering, manufac¬ 
turing, and marketing. Their inbred culture frequently presents 
barriers to communication with the rest of the enterprise and 
their mission statements are seldom tied to the ultimate success 
of a product in the market. Advanced development staff often do 
not understand where and how the new materials, technologies, 
and tools they are developing will be used. 
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► Advanced 
Development 

of largely generic 
new technologies 
and new types 
of system 
architectures 


► Conceptual 
Design 

attending to 
customer needs 
and translating 
them into product- 
expectation 
specifications 


► Development of Product Quality 

production-intent prototypes used to verify 
robustness and eliminate design mistakes 


► Detailed Design 

superior production-intent design; 
simultaneous development of product 
quality and production capability 


► Production Capacity 
Development 

of tools, etc., culminates in pilot 
production to verify equipment and 
processes and train operators 


^ Production 

of products 


^ Distribution and 
Marketing 

from factories to 
customers 


► Life-Cycle Support 

in the field 


► End-to-End Infrastructure Processes (Feedback) 

processes that facilitate the above activities 


► Cross-Cutting Issues 

»methods and techniques for effecting organizational change 

• strategies and requirements for simplifying business 

• more realistic business models 


FIGURE 5-1 Product realization process. 


Today's technology does not provide an integrated view of 
the information and intelligence that constitute a product image. 
Each organizational unit—from advanced development to market¬ 
ing—tends to maintain its own data base and use its own lan¬ 
guage to describe a product. Much of the information generated 
in one stage is re-created in later stages with little or no integra¬ 
tion. Negotiation among the various participants in the PRP is 
important. Taguchi's quality loss function approach offers one 
avenue for pursuing such negotiation. 1 

Vision 

Improving the PRP depends to a great extent on having a full 
set of product realization images—representing advanced materi¬ 
als, tools, and technologies—that can serve as fast-cycle vehicles 
for technology assessment, feasibility testing, and technology transfer. 
As pressures of time-based competition force advanced develop¬ 
ment to reduce its cycle time, the ability to test concepts rapidly 
using a variety of scenarios will be a key competitive advantage. 
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Improvements in technology scanning, feasibility testing, and tech¬ 
nology strategy development will enable many different product- 
technology morphologies to be tested, minimizing the need for 
costly and time-consuming development of physical prototypes 
and improving the quality of the end product. 

Technology transfer will receive more emphasis as product 
life cycles and time to market contract. Manufacturing will be 
driven to understand and capitalize on every existing technology,- 
fast-cycle competition will not allow time for retracing the steps 
of others or for reinventing a technology. This will give rise to 
the development and maintenance of a set of technology, process, 
and product images that will facilitate the transfer of collective 
knowledge. 

Research in technology transfer would encompass the major 
phases, business processes, and roles of the technology transfer 
life cycle. It would cover the business and financial logic that 
governs the make-versus-buy decisions on which rest decisions 
on technology transfer versus in-house development. And it would 
explore ways of connecting advanced technology development with 
the realities of the market so that new products satisfy real needs. 


Conceptual Design 

Definition 

Conceptual design involves capturing customer or market re¬ 
quirements and converting them to design specifications that are 
sufficiently detailed to permit concept selection. 


Present Practice 

The conceptual design process currently involves very little 
science and few methods or support tools to assure completeness 
and accuracy. Inadequately captured requirements lead to wasted 
resources, frequent re-engineering, missed market opportunities, 
and customer dissatisfaction. Those who contact customers, lack¬ 
ing marketing, technical, or listening skills, often inject their prejudices 
and biases into the process. Inadequate probing for detail may 
leave gaps or inaccuracies in the data obtained. 

The concept selection process often lacks quantitative meth¬ 
ods for assuring that the best business and technical decisions are 
made. Product team management has few formal methods and 
procedures for assuring clear and consistent communication of 



106 


THE COMPETITIVE EDGE 


specific need and design intent. Similarly, few formal techniques 
or methods exist for quantitatively defining constraints, address¬ 
ing feasibility management, accurately modeling product costs, 
engineering risks, or market opportunities, or selecting among 
alternative product concepts. Little research has been done on, 
and little scientific foundation exists for, the definition of com¬ 
prehensive, testable, provably correct product specifications. 


Vision 

To gain the most from the conceptual design process a com¬ 
prehensive framework will be in place, with tools that can inte¬ 
grate business, product, and market data to assure that optimal 
product selection decisions are made. Multiskilled teams will have 
formal methodologies for capturing complete and provably correct 
product specifications that can be tested against other models of 
the product. 

Development of Product Quality 

Definition 

Product quality relates to the extent to which a product meets 
or exceeds customer expectations for functionality, robustness, 
and reliability. 

Present Practice 

A weak approach to the development of robust, reliable, 
manufacturable products is a major bottleneck in the U.S. product 
realization process. Prototypes that are built from nonrobust de¬ 
signs have much longer development times and, ultimately, re¬ 
sult in inferior products. Research is greatly needed in both ro¬ 
bust design and rapid prototyping. Current activity in the area of 
robust design consists almost exclusively of the implementation 
of methods pioneered by Box, Hunter, and Taguchi. 


Vision 

Robust values of critical design parameters are included in 
the first production-intent prototypes, which are available for testing 
soon after completion of the detailed robust design. Therefore, 
product robustness is developed concurrently with detailed prod¬ 
uct design. Designs are inclusive, spanning economic constraints 
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o production feasibility. Research into robustness is multidisciplin- 
iry, involving both statisticians and engineers who understand the 
>RP. Optimization and learning, which today are largely disjointed, 
ire integrated to achieve rapid, quality development. The optimiza- 
ion process not only integrates all available information, but also 
;enerates insights that will lead to continuous improvement. 

Detailed Product Design Process 

Definition 

Detailed design is the process of translating customer requirements 
nto a comprehensive description of a manufacturable product. It 
noves through the capture of design intent, to design verification, 
o the physical realization of a high quality, manufacturable arti- 
act. 


Present Practice 

Design processes are often complex and not well understood, 
n the United States, life-cycle design (e.g., manufacturability, test- 
ibility, installability) is still the exception rather than the rule, 
furthermore, with the exception of drafting, design processes are 
itill largely manual, with many handoffs and redo loops. Com- 
mter-aided engineering (CAE) has so far penetrated only about 10 
>ercent of the engineering community. CAE tools are mostly 
itand-alone or poorly integrated, utilize closed architectures, do 
lot generally reflect the unique processes of individual users, and 
end to be aimed at specific engineering segments (e.g., IC design, 
urcuit board and system design, and mechanical design). Though 
iome university research is beginning to examine system archi- 
:ectures, most is still aimed at specific applications (e.g., simula- 
:ion and design compilers/synthesizers). 


Vision 

In the envisioned product realization context, designers and 
ither members of the product realization team will work concur- 
•ently, in a paperless environment, with minimum queue time 
md rework. Tools will be flexible, enabling the design process to 
lictate the use of the tools rather than vice versa, and allowing 
lesigners to move easily from one design environment to another 
e.g., from electrical to mechanical, from IC to system level). De¬ 
sign systems will have greater intelligence, allowing designers to 
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perform trade-off analyses in order to optimize designs for life- 
cycle needs. These tools will also assume many mundane engi¬ 
neering activities / such as schematic capture and prototyping, there¬ 
by allowing engineers to move to higher levels of abstraction and 
architectural design where leverage is greater and where 80 to 90 
percent of life-cycle costs are determined. 

Production Capacity Development 

Definition 

Production capacity development encompasses process plan¬ 
ning; design, quality, tool, and factory industrial engineering; facilities 
planning; training; and production staffing. 


Present Practice 

In most industries, manufacturing, marketing, and product 
design are separate management areas that often have conflicting 
goals and communicate very little with one another. As it stands 
today, the many systems that support these individual areas can¬ 
not be integrated to provide a seamless view of the capabilities of 
the organization. 


Vision 

A need exists for close coordination among design, manufac¬ 
turing, and marketing departments to produce good models of 
production capacity that can be integrated with models of material 
flow and process capability. 

All the information needed for production capacity analysis, 
though highly detailed and existing in different systems, will be 
online and available. Organizations will make information avail¬ 
able wherever it is needed throughout the product life cycle, and 
they will have the data integration and communications capabili¬ 
ties that will enable them to do so. 


Production 

Definition 

Production is the means by which raw materials are trans¬ 
formed into products of appropriate quality at minimum time and 
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Dst. Production assumes a detailed product definition including 
description of function, geometry, materials, and tolerances, a 
rocess plan, and production capability. 


Present Practice 

Production delays are often caused by engineering design that 
ptimizes functionality and ignores the impact of design on later 
:ages of the product life cycle, such as fabrication, assembly, 
isting, distribution, field service, and reclamation. The extent to 
hich a design is feasible from a cost and quality perspective is 
mited by the available set of processes; poor choice of tooling 
Lay lead to inefficient use of production facilities (as recent expe- 
ence with flexible manufacturing systems has demonstrated), 
ad designs that specify too many parts can increase both the cost 
ad complexity of assembly. 

Control of production processes has become more complex 
ith the introduction of programmable automation and the greater 
exibility of machining centers and robotics. Yet existing control 
^sterns are barely able to manage the factory of the past, let 
[one the factory of today or of the future. Resource competition 
Lso complicates shop floor control. Bottlenecks caused by compe- 
tion for resources are a major impediment to productivity, and 
atch sizes continue to be reduced to meet rapidly changing demand, 
scacerbating the difficulty of allocating resources. Finally, the 
aility to control production is limited by the accuracy and time- 
ness of information from the factory floor. Current information 
:quisition systems, designed to support accounting-related tasks, 
o not meet the information needs of a dynamic control system. 

Production knowledge is limited by the artificial separation 
f engineering and manufacturing. Traditional principles that ex- 
ort managers to break down organizations into pieces that are 
lore easily managed have led to the separation (logically and 
ften geographically) of engineering and manufacturing groups, 
his separation has impeded communication and coordination to 
e point that the two groups no longer speak the same language. 


Vision 

The ability to adapt rapidly to new materials and processes or 
ew knowledge in engineering and science ultimately will reduce 
oduction costs while simultaneously increasing product qual- 
:y. Consequently, next-generation control systems (as explained 
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in Chapter 2, Intelligent Manufacturing Control) will be highly 
flexible, able to analyze the production situation, and make the 
best control decision in view of current goals, opportunities, and 
constraints. These systems will also monitor their own perfor¬ 
mance, at both the unit process and shop levels, identify poor 
performance, and diagnose and eliminate the cause. As produc¬ 
tion systems become more complex diagnoses will be based on 
deep models of the process, necessitating reliance on model-based 
reasoning. 

Communication will extend beyond the factory floor. Pro¬ 
duction managers will communicate, coordinate, and negotiate 
with earlier and later stages in the product life cycle, negotiate 
changes in product definition to optimize production cost and 
quality while design is still under way, and contract with suppli¬ 
ers to guarantee availability of the necessary materials and parts. 
Production managers also will have the latitude to identify and 
communicate to other stages of the life cycle significant production 
events, such as quality problems caused by design decisions, cus¬ 
tomer feedback, and consequences of vendor/supplier interactions. 
Such integration will be necessary whether production is tightly 
coupled to colocated product life-cycle stages, such as engineering, 
within the same firm or is done in a separate facility that works 
with other firms. 

Production will have more powerful management systems 
that acquire, filter, and communicate significant information to 
those who need it. This capability will be applied within a dy¬ 
namic, real-time environment, necessitating the existence of a 
model of the factory that is precise, accurate, and realistic. The 
speed with which new materials, processes, and products are in¬ 
troduced will leave little time to analyze them thoroughly in or¬ 
der to optimize production quality. Optimization of production 
quality will, instead, be achieved over time by new tools for con¬ 
tinuous improvement of process models and control strategies. 


Distribution and Marketing 

Definition 

The concept of distribution and marketing includes selling 
products quickly, responding continuously to customers' needs 
and desires, making the public aware of the variety of products 
available, and distributing products to customers. 
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Present Practice 

Distribution and marketing are separated both organization¬ 
ally and technologically from the rest of the product realization 
cycle. As separate organizations, they lack both access to information 
and the influence necessary to affect product realization times. 


Vision 

Just-in-time (JIT), a method of manufacturing by which parts 
and assemblies are made or delivered as needed, thereby greatly 
reducing inventory, was initiated as a process for the factory and 
its suppliers. It will be exploited in the consumer distribution 
system. Marketing will be revolutionized by the development of 
a preference-indicating computer that will enable customers to 
view product options on a color screen that displays revolving and 
cutaway views, specifications, and other information, and that is 
updated weekly, or perhaps daily, to include the latest product 
improvements. 


Life-Cycle Support 

Life-cycle support, which must accommodate output ranging 
from lot sizes of one to mass production in a global marketplace, 
includes open architecture (both business or organizational, and 
systems), continuous quality improvement, field serviceability and 
maintainability, continuous cost/performance improvement, and 
end-of-life planning. Open architecture affects all aspects of life- 
cycle support, from product conception through the product sun¬ 
set decision. Organizational changes are required to support an 
open architecture framework, in which dynamic product configu¬ 
ration will be used to respond to customer change requests within 
hours rather than days, weeks, or months. 

Promotion and use of international standards will reduce both 
the development and long-term sustaining costs of product real¬ 
ization; modularity will reduce sustaining efforts. Development 
of an infrastructure or framework composed of reusable compo¬ 
nents and off-the-shelf, plug-compatible modules will provide faster 
product-to-market transition and reduce ownership sustaining costs. 

Embedded diagnostics, standards, and development and imple¬ 
mentation of fault-tolerant and error-correcting designs will in¬ 
crease product reliability, thereby reducing product maintenance 
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costs. Field service and maintenance costs should be monitored 
as part of a continuous cost/performance improvement methodol¬ 
ogy. These data should be part of models that feed directly into 
advanced development. (More on these practices can be found in 
Chapter 3, Equipment Reliability and Maintenance.) 

The PRP also must include a plan and process for end-of-life 
planning. The manufacturing business process must account for 
manufacturing material waste and develop cost models that pro¬ 
vide insight into the total cost of ownership of the product. Cost- 
of-ownership models should include discontinued availability, 
archiving, recycling, and obsolescence planning for product and 
process. 


End-to-End Infrastructure Processes 

The rate of product development and improvement is closely 
related to the rate and cost at which feedback can be obtained and 
implemented. Qualitative and quantitative analysis, simulation, pro¬ 
totyping, and testing are key feedback mechanisms used through¬ 
out the product life cycle. 

A unified design language capable of representing design in¬ 
tent as well as designed objects at various levels of abstraction 
(from functional description to 3-D geometry) would greatly im¬ 
prove the productivity of people involved in product realization. 
Because many products are designed and developed by large project 
teams, simultaneous information sharing among team members is 
important. As only a comparatively small part of the knowledge 
content of the PRP will be describable in analytical terms, the 
availability of tools for the efficient capture, representation, and 
verification of knowledge is essential. Simulation is as important 
a tool for verifying design ideas and concepts as it is for furthering 
intelligent manufacturing control, improving equipment reliabil¬ 
ity and maintenance, and supporting manufacturing of and with 
advanced engineered materials. (See Chapters 2-4.) 

The practice of making product development decisions se¬ 
quentially frequently leads to many iteration cycles. Design in¬ 
frastructures that support multiple and simultaneous views of in¬ 
formation allow designers to check for consistency and design 
integrity as well as eliminate some of these iteration cycles. Ex¬ 
perience gained during product development that might benefit 
the development of similar products should be subject to capture 
in a continuously evolving knowledge base. Such knowledge bases 
should greatly reduce the time required for trial and error cycles 
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md ultimately may be able to adapt dynamically to trends and 
changes in manufacturing technology and the market. 

Managers, as well as product developers, stand to benefit from 
:he product realization infrastructure. Management will require 
tdditional decision support tools, such as risk and value analysis, 
is well as the ability to monitor the stages (check points) of prod- 
ict development. Management may come to view a system that 
:an perform these functions as a kind of "war room" terminal. 

As business requirements change, necessitating new organi¬ 
sational structures, the PRP must be readily reconfigurable. This 
idaptability will rely heavily on a computer-integrated enterpris- 
ng (CIE) architecture that supports maximum individual input 
md responsiveness. Such an architecture only will be effective in 
:he wake of organizational realignment that supports the free flow 
}f information and rapid decision making. 


Cross-Cutting Issues 

The PRP today is for the most part serial, with each stage of 
iesign performed independently and sequentially. The organiza- 
:ion is modeled after the design process. The lack of information 
n a readily available format stifles change. Accessibility of infor- 
nation can be enhanced by various methods and techniques (Fig¬ 
ure 5-2). 

RESEARCH NEEDS 

The ability to represent on the information plane the set of 
product development activities that exist on the physical plane 
ls the key to more efficient product realization. Research in this 
irea should be directed at developing the capabilities and infra¬ 
structure needed to achieve the vision proposed in this report— 
in which a set of artificial realities (intelligent images of product, 
factory capabilities, customer specifications, and organizational 
structure) with the ability to interact functionally (e.g., a product 
image capable of communicating with a factory image about its 
manufacturability and considering trade-offs between product per¬ 
formance and manufacturing, inspection, and maintenance) is al¬ 
lowed to play out in a suitably structured environment. Attainment 
af this vision relies on defining, identifying specific instances of, 
md developing intelligent images,- identifying and establishing the 
requisite connections among these images; and devising an organi¬ 
zational structure in which these concepts can be made operational. 
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ADVANCED DEVELOPMENT 

Completely integrated with product design, manufacturing, and 
marketing. Supported by simulation and technology transfer. 

CONCEPTUAL DESIGN 

Formal methodology for gleaning customer specifications and 
integrating them with existing product data. 

PRODUCT QUALITY 

Product robustness is an integral, quantifiable part of the design 
process. 

DETAILED DESIGN 

Intelligent design systems and cooperative design teams will permit 
a focus on solving theoretical design issues, and resulting cost 
savings. 

PRODUCTION CAPACITY DEVELOPMENT 

Coordination among product design, manufacturing, and marketing 
managers will facilitate complete production capacity analysis. 

PRODUCTION 

Will integrate data from all stages of the product life cycle. 

DISTRIBUTION AND MARKETING 

JIT used in distribution, and a preference-indicating computer will 
function as a customer catalog (new marketing concept providing 
greater detail and periodic updates). 

LIFE-CYCLE SUPPORT 

Revamp at all stages using open architecture, international 
standards, module framework, diagnostic approach to product 
maintenance, end-of-life planning. 

END-TO-END INFRASTRUCTURE 

Cyclical rather than sequential view of PRP. 

CROSS-CUTTING ISSUES 

More integration of design process, with an emphasis on 
information sharing. 


FIGURE 5-2 The product realization process of the future. 
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Intelligent Images 

Product realization as envisioned above is CIE in the most 
fundamental sense: total integration of CAE, CAD, and com¬ 
puter-aided manufacturing (CAM) systems with systems for developing 
and communicating customer product specifications/ all operat¬ 
ing in a simplified, streamlined process. Considerable research in 
data capture and management will be needed to develop the nec¬ 
essary interactive, intelligent product realization images. These 
images would be ensembles of data, algorithms, and geometrical, 
mathematical, and empirical multimedia models that capture the 
character and intent of the various agents and activities that comprise 
the product development life cycle. 

Specifically, research is needed to define the nature of an 
intelligent image and identify the set of images that will be needed 
to complete the product development cycle in the information 
plane. A product image is clearly indicated. A factory image that 
expresses the manufacturing capabilities and constraints of the 
enterprise, and a customer image that gives rise to and interacts 
with the product image, also are suggested. 

Each intelligent image must provide multiple views to ac¬ 
commodate the various perspectives of participants in the product 
development cycle. For example, design components organized 
by engineers according to functionality will be viewed by manu¬ 
facturing managers as production constraints. Similarly, process 
planners will focus on different product attributes than will those 
concerned with functional simulation. An intelligent image must 
be representationally rich enough to support the construction and 
maintenance of multiple views without incurring the overhead of 
multiple data bases. 

Research also should be directed at the development of share- 
ble engineering and manufacturing models whose contents are 
precise and clear. Examples include research on axioms of deduc¬ 
tion based on the ontologies of engineering and manufacturing 
knowledge, and interfaces for the creation, perusal, and alteration 
f semantic models. 

New methods and technologies are needed for capturing, or¬ 
ganizing, and managing requirements data for product realization. 
Methods must be developed for documenting, communicating, and 
integrating throughout the product development cycle design in- 
ent derived from original customer requirements. This effort pre- 
upposes a better understanding of the overall process of design. 
Research should be aimed at determining how the various subfunctions 
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of design might be represented informationally, how the required 
flexibility might be provided, and how the complexity implicit in 
design and manufacturing information might be accommodated.. 
It also should be aimed at determining whether there is a funda¬ 
mental trade-off between rapid access and inherent flexibility that 
evolves to a problem of managing bandwidth. 

Ways must be developed to capture, easily and precisely, stra¬ 
tegic and tactical business and manufacturing requirements and 
to model, store, display, and transform these requirements into 
readily available automation and manufacturing solutions. De¬ 
veloping capabilities in this area will rely on research into (1) 
methods for documenting, communicating, and verifying design 
intent and customer use intent at each stage of product develop¬ 
ment; (2) models for capturing and transforming customer prefer¬ 
ences into multiple views for design and manufacturing; (3) sys¬ 
tems for validating requirements for internal consistency, integrity, 
and completeness,- and (4) display technologies capable of commu¬ 
nicating the full richness of intelligent images and of integrating 
data with functional, user, and control models. 


Linkages and Relationships 

Interaction is as essential as intelligence in the product real¬ 
ization images suggested as the basis of future product realiza¬ 
tion. An intelligent image would need to understand not only 
itself, but also relationships and transformations of information 
in different stages of the product development cycle. A product 
image, for example, would need to understand not only its specifi¬ 
cations, composition, characteristics, and manufacturing require¬ 
ments and constraints, but also its transformation into the manu¬ 
facturing capabilities expressed by the factory image and the feedback 
from that image on its manufacturability. Both of these images 
would need to interact with the customer image to determine, for 
example, what changes to the product image within the constraints 
of customer specifications might enhance manufacturability or 
reduce production costs. Intelligent images would be required to 
anticipate the information needed at all stages of the product life 
cycle and determine its optimal form and content. 

The supporting technologies needed to provide this capability 
include high performance application tools such as prototyping 
tools and simulators, design compilers and synthesizers, rapid im¬ 
aging techniques, and trade-off and selection analysis tools based 
on AI and expert systems. They include links to production such 
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as rapid part formation through, for example, holographic poly¬ 
merization, contourable dies, and particle deposition. These tech¬ 
nologies will demand environments that provide complete and 
accurate sources of information for analyzing and optimizing designs, 
such as semantic and object-oriented data bases, simulation models, 
and component reliability data. Research should aim at identifying 
techniques for developing a comprehensive factory/product data 
base capable of integrating CAD-developed point solutions for tooling 
requirements, cost accounting, manufacturing requirements plan¬ 
ning, capacity planning, and factory layout modeling into an integrated 
view of production capacity. Such an environment would serve 
to automate the review and approval process among distributed 
peer work groups and accumulate valuable experience from prod¬ 
uct development in a continuously evolving knowledge base. Here, 
research is needed into the development of efficient tools for capturing, 
representing, and verifying knowledge. 

Finally, systems are needed that explain the hidden costs of 
manufacturing and existing long product-development intervals 
and relate them to the forces responsible. 


Organizational Framework 

Alternative management structures must be developed that 
are capable of preserving product integrity and quality while cop¬ 
ing with rapid market and technological changes and their impact 
on corporate culture. The organizational structure required to 
manage the linkages and relationships by which intelligent im¬ 
ages accelerate the product life cycle—from design and development, 
through manufacturing, to marketing—is a new beast that must 
live in a dynamic environment. Its creation involves reshaping 
the corporate image among employees at all levels and flattening 
the organization to allow more localized decision making. Rapid 
access to information is of little value if people cannot act on the 
information. Attuning employees to the corporate network is a 
challenge relating to role definition and motivation that classical 
hierarchical management does little to address. 

Altered conceptions of manufacturing and work organization 
almost always accompany major shifts in the technology of pro¬ 
duction and appear to be essential to the successful use of new 
technologies. It is precisely in change-related conception and ex¬ 
ecution that many U.S. firms badly lag behind their Japanese and 
European counterparts. Comparison of European and Japanese 
response to changing technology suggests no single model of sue- 
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cessful execution. The firms conceive and organize productioi 
using essentially identical technologies, in substantially differei 
ways and achieve varying levels of success that do not correlai 
with the particular approach taken. Despite these differences, Ei 
ropean and Japanese experience shares an important feature—tru! 
remarkable leaps in manufacturing performance and productive 
appear to occur only when new production technologies are a] 
plied in changed industrial settings. 

In contrast many more U.S. than European and Japanese firn 
allow technology to drive organization and conceptual chang 
Whether this strategy can succeed is a very real question. Sy 
tematic study is needed to determine how firms in different cou: 
tries and industries conceptualize and organize manufacturin 
and to identify variations in the practices they use to implemei 
manufacturing technologies like those described in this report. 

U.S. industry is approaching consideration of all product lif 
cycle requirements early in the design cycle by formation > 
multidisciplinary teams. Because it involves handling people, tl 
team concept has been viewed as a management issue when, : 
fact, it is much more. Some of the most interesting researc 
problems lie in group design processes. Issues range from us 
interfaces that enhance consensus building to life-cycle mode 
that interface with each level of abstraction in the design proce 
to the information architectures needed to bring all this inform 
tion together in a unified, responsive whole. 

To ensure collegiality among knowledge workers who mu 
collectively attack a problem, the twenty-first-century approa( 
may exhibit mixtures of the sciences with organizational develo 
ment to meet the needs of changing life styles. Such is the co 
cept of the village industry, which supports interaction and cam 
raderie among clusters of experts while maintaining proximity 
the family. The "village" will likely be closer to experts' horn 
than to company facilities, and performance will be measured ( 
a deliverables basis, rewarding teams instead of individuals. Si 
nificant research issues—such as candidate identification relati' 
to project type, and type of participant—must be resolved, as mu 
other issues, such as technology access and security. Additio 
ally, measurements for team rewards, present in few compani 
today, must be developed. 


Summary 

As more of the product life cycle moves onto the informatii 
plane, organizational structures and work norms must becor 
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nore fluid. Any computer workstation might become the work¬ 
place, and the organization itself will be a flatter structure that 
■elies on electronically networked peer-to-peer business teams that 
Lre readily reconfigurable to respond to rapidly changing business 
■equirements. The PRP, in maturity, will catalyze the develop- 
nent of a new kind of manufacturing—the manufacturing of com¬ 
plete product images that are as marketable as the physical prod- 
lcts they represent. In doing so, it will usher in the true information 
iconomy. 

The research that will enable U.S. manufacturing to reach 
:his plane lies in six general areas: 

• Definition of, and supporting technology for, intelligent images,- 

• Data base structures that combine engineering, manufac- 
:uring, cost accounting, capacity planning, and factory layout modeling 
nto an integrated view of production capability; 

• Technologies for capturing, organizing, managing, and dis¬ 
playing data on strategic and tactical business and manufacturing 
requirements; 

• Group design processes that support and enhance the func- 
rioning of multidisciplinary work teams,- 

• Management that eliminates the dichotomy between flex¬ 
ibility and productivity,- and 

• Control architectures that facilitate movement up the in¬ 
telligence ladder beyond feedback, memory, and learning to goal 
changing. 

NOTE 

1. Taguchi, G. 1988. Introduction to Taguchi methods. Engineering 228:1-2. 
The methods of quality improvement developed by Genichi Taguchi have already 
found widespread acceptance in Japan and the United States. Based on a different 
way of thinking about quality, these methods use statistical analysis to ensure 
high product quality. Taguchi's thinking on quality is based on two fundamental 
concepts: that any loss in quality is defined as a deviation from a target, not a 
failure to conform to an arbitrary specification; and that high quality can only be 
achieved economically by being designed in from the start, not by inspection and 
screening. Taguchi's definition of quality is customer-oriented. Quality is the 
characteristic that avoids loss to society after the product is shipped. A loss of 
quality can therefore be measured in pounds, dollars, or yen. His philosophy is 
that adding features is not a way of improving the quality of a given product, only 
f varying its price and its target market segment.) 
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Manufacturing Skills 
Improvement 


-Advanced manufacturing technology will trans- 
form the image of manufacturing employment from a sweaty job 
of last resort to an intellectually demanding occupation. 

In making knowledge an implicit part of manufacturing prac¬ 
tice, for workers as well as management, advanced manufacturing 
technology is creating a need for a more educated work force. 
The shift in educational attainment by manufacturing employees 
between 1973 and 1983 (see Figure 1-4, p. 9) will become more 
pronounced in the coming decade. This shift is occurring at the 
same time that the supply of potential young workers is beginning 
to decline precipitously (Table 6-1, Figure 6-1). For example, in 
Germany in the year 2000, the pool of young workers is expected 
to be 60% of what it was in 1984. This decline is compounded by 
the fact that many economically disadvantaged individuals can¬ 
not meet even minimal skill requirements for the new manufac¬ 
turing jobs. 

The development of manufacturing skills does not occur in the 
abstract. It is related to a set of goals, specifically to the creation 
and maintenance of a well-trained, flexible, and motivated manufac¬ 
turing workforce, comprising prospective workers as well as current 
workers at all conventional levels, including technical professionals 
and managers, mid-level technicians, and shop floor personnel. 

Education of prospective manufacturing workers typically oc¬ 
curs in elementary and secondary schools (grades K-12), in community 
and technical colleges and trade schools, and in professional colleges 
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TABLE 6-1 Size and Ethnic Distribution of 22-Year-old 
Population, 1980-2000. 


Percent Distribution 


Year 

Total (000s) 

White 

Black 

Hispanic 

Asian 

Native American 

1980 

4315 

77 

13 

7 

2 

1 

1985 

4213 

76 

13 

8 

2 

1 

1990 

3601 

73 

14 

10 

2 

1 

1995 

3346 

71 

15 

11 

3 

1 


3350 

70 

14 

12 

3 

1 


source: E. L. Collins. 1988. Meeting the scientific and technological staffing 
requirements of the American economy. Science and Public Policy (15:5): 335- 
342. 


in engineering and business. The current work force usually is 
trained—typically in basic skills, communication skill, and skills 
related to teamwork and group dynamics—through continuing edu¬ 
cation and training and retraining programs. Retraining tends to 
be job-, industry-, or company-specific and to be structured by 
levels (e.g., upper, middle, and lower). 

This chapter examines education and training for all manufac- 



FIGURE 6-1 Index of supply of potential young workers (15-19 year olds), 
1984-2000. Source: Institute of Manpower Studies, International Labour 
Office. 
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turing workers at all levels. It focuses on the skills needs generated 
by the technology described in this report. Delivery mechanisms— 
such as workplace training and college-industry coalitions—are dis¬ 
cussed in relation to both current and prospective workers. Finally; 
the chapter recognizes; but does not address ; issues related to basic 
literacy; general education; and the need for broad changes in attitudes 
toward the importance of manufacturing. 

IMPORTANCE 

A 1986 study found that more than 40 percent of the work force 
operating advanced manufacturing systems in Japan were graduate 
engineers and that the remainder were technically well qualified. 
That the U.S. work force is not as well qualified is only part of the 
problem facing U.S. manufacturing firms. Also in serious doubt is 
the ability of the country's prospective work force to meet the skill 
requirements imposed by the advanced manufacturing technology 
on which our international competitiveness depends. 

As mentioned in Chapter 1, The Economist has reported that 6 
out of 10 of the nation's 20-year-olds cannot add up a lunch bill. 1 
The Wall Street Journal has reported that 58 percent of Fortune 500 
companies complained in a survey of having trouble finding em¬ 
ployees with basic skills. 2 Southwestern Bell, according to the Jour¬ 
nal article ; in 1989 processed more than 15;000 applications to find 
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Representative Jobs 

Natural Scientists 

5.7 

Lawyers 

5.2 

Engineers 

5.1 
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4.4 

Teachers 

4.2 

Technicians 

4.1 

Marketing and Sales 

3.4 

Construction 

3.2 

Administration 

2.9 
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2.6 

Precision Production 

2.5 
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2.3 

T ransport Workers 

2.2 

Machine Setters 

1.8 
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1.7 

Helpers and Laborers 

1.3 


Skill Rating 

FIGURE 6-2 Percentage of low-skill jobs is declining. Source: W. B. Johnston 
and A.H. Packer. 1987. Workforce 2000: Work and workers for the 21st 
century. Hudson Institute, xxi-xxii. 
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TABLE 6-2 Changing Educational Requirements/ 1984-2000. 


Level of Education Required 

1984 Jobs 

2000 Jobs 

8 years or less 

6% 

4% 

1-3 years of high school 

12% 

10% 

4 years of high school 

40% 

34% 

1-3 years of college 

20% 

22% 

4 years of college or more 

22% 

30% 

Total 

100% 

100% 

Median years of school 

12.8 

13.5 


source: W. B. Johnston and A.H. Packer. 1987. Workforce 2000: Work and 
workers for the 21st century. Hudson Institute. 97-98. 


3,700 people to take its 34-minute basic skills test (e.g., mathemat¬ 
ics questions that call only for the operation to be identified, not for 
the computation to be performed). Only 800 passed, and further 
screening, in the form of interviews, physicals, and drug tests, re¬ 
sulted in only 580 new hires, at an estimated cost to the company of 
$1,000 per job. 

The educational crisis reflected in these circumstances is of 
national proportions. A Hudson Institute study, 3 furthermore, pre¬ 
dicts that more than half of all jobs created between 1984 and 2000 
will require some education beyond high school and almost a third 
will be filled by college graduates (Figure 6-2, Tables 6-2 and 6-3). 

Department of Labor projections for manufacturing employ¬ 
ment to 2000, though level, show a change in occupational mix, 
with greater proportions of engineers, technicians (who may be 
upgraded operators), and managers (see Appendix A). 


TABLE 6-3 Fast-growing Jobs Require More Language, 
Mathematics, and Reasoning Skills. 


Rating (scale of 1-6 
with 6 the highest) 

Current 

jobs 

Fast 13 

Growing 

Slow fa 

Growing 

Declining 

Language 

3.1 

3.8 

2.7 

1.9 

Mathematics 

2.6 

3.1 

2.3 

1.6 

Reading 

3.5 

4.2 

3.2 

2.6 


fl e.g., professional, technical, managerial, sales, and service jobs. 
b e.g., machine tenders, assemblers, miners, and farmers. 

source: W. B. Johnston and A. H. Packer. 1987. Workforce 2000: Work and 
workers for the 21st century. Hudson Institute. 98-99. 
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Widening of the gap between the growing demand for engineers 
and managers and the supply of appropriately educated and trained 
individuals will occur for four main reasons. One, as mentioned 
earlier, the number of new labor market entrants is declining, reflecting 
a decline in the population of 16- to 24-year-olds. Two, the growing 
numbers of women and minority persons who will be needed in the 
manufacturing work force to offset this decline do not have the 
educational base to acquire the necessary skills. Three, the low 
status of manufacturing as a career continues to dissuade many 
qualified people from pursuing careers in this field. And finally, 
increasing deployment of robots and other automated processes will 
further widen the gap by rendering many lower level manufacturing 
occupations as irrelevant as science and engineering are indispens¬ 
able. The supply of manufacturing teachers, at all levels, will be 
affected by these same issues and reflect the same patterns. 

A Department of Defense (DOD) 4 report summarized existing 
deficiencies in manufacturing skills and skills acquisition. The 
report faults the teaching of management theory and practice in 
the United States, summarized by statements such as, "good 
management is management by financial control"; "good manag¬ 
ers can manage anything"; "individual achievement is important, 
not teamwork"; and "manufacturing is an unimportant function." 
This approach, it says, is to blame for the inability of U.S. manag¬ 
ers to achieve manufacturing results equivalent to those achieved 
by their Japanese counterparts. The report also reprimands engi¬ 
neering schools in universities for training engineers for careers 
in product research and development at the expense of an ad¬ 
equate focus on manufacturing. Few faculty members, it says, 
have industrial experience or expertise, and emphasis on special¬ 
ization produces engineers who are ill-equipped to understand to¬ 
tal manufacturing systems. 

The report notes in addition a severe shortage of adequately 
trained scientific and engineering students. In this vein, Dean 
Meyer Feldberg of Columbia University Business School observed 
in an interview with The New York Times that fewer than 4 
percent of all college students will graduate in engineering, com¬ 
pared to 24 percent who will graduate with degrees in business. 5 
Dean Feldberg noted that Japan, with half the population of the 
United States, graduated twice as many electrical engineers as 
this country in 1989. Of the graduate students in science and 
engineering in the United States, almost half, according to the 
DOD report, are foreign. The report cites inadequate industry 
programs of continuing professional education and training for 
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engineers and production workers in the existing work force. A 
number of leading firms that have established training programs 
to upgrade the skills of production professionals, technicians, and 
operators report significant gains in production and increased ability 
to attract first-rate people to production jobs, but the bulk of U.S. 
industrial firms have neither the money needed to develop effec¬ 
tive programs nor access to instructors competent to teach a broad 
range of modern manufacturing skills. 

Apprenticeship, despite criticism and unfavorable appraisals 
by academics and public policy analysts, "has stubbornly persisted 
and actually thrived in certain occupations, industries, localities, 
and countries," according to a report from the National Center for 
Research in Vocational Education. 5 The report reveals that a rich 
diversity of apprenticeship practices exists in the United States 
unbeknownst to many for want of effective means of fostering 
awareness, dissemination, and replication. Comprehensive final 
examinations for apprentices, though common in other countries, 
are rare in U.S. programs, according to the report, and state and 
federal support for the largely privately sponsored and financed 
programs is incomplete and uncoordinated. Although some pub¬ 
lic funding of apprenticeship programs does exist, primarily for 
curriculum development and related classroom training, industry 
financing through training trust funds, sometimes jointly admin¬ 
istered with unions that have a strong interest in training, is more 
common. 

In addition, a number of institutions and organizations in the 
public and private sectors, many with overlapping constituencies 
and missions, provide education and training for manufacturing 
that covers pretechnical, entry-level, technical, professional, skill 
upgrading, and continuing education. These agencies employ a 
variety of means and methods, ranging from the informal (e.g., 
on-the-job training) to the exotic (e.g., satellite-transmitted pro¬ 
fessional courses). Training for manufacturing is not standardized 
across the industry. Students and trainees may encounter full¬ 
time faculty or part-time instructors drawn from industry. The 
experience of these teachers may range from extensive to nonex¬ 
istent; faculty may lack technical knowledge, and industry instructors 
may lack teaching skills. Many will be unaware of the availabil¬ 
ity of models, curricula, guides, and other teaching resources because 
no central clearinghouse for such materials exists. 6 

If U.S. economic well-being, quality of life, and national secu¬ 
rity are to be maintained in the face of a contracting working-age 
population, those who are capable of working will be required to 
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work smarter and harder. They must be equipped to do so. I: 
they are not, the United States stands to lose both the ability tc 
create technology and the ability to absorb technologies createc 
abroad. 

BARRIERS AND CHALLENGES 

The improvement of manufacturing skills in the United State; 
faces two general barriers. One is the lack of resolve regarding 
manufacturing and its importance to the national well-being. 1 
shared national value, such as the importance of education an< 
national defense, arose for manufacturing only briefly, during Worl< 
War II; its renewal could serve to enhance understanding o 
manufacturing and so improve its image. 

Manufacturing's image problem derives from an outdated, circ. 
World War II, perception of manufacturing jobs as dirty, hard, lov 
paying, and confining, as well as from a more contemporary lac] 
of understanding, among many managers as well as governmen 
officials and the general public, of what manufacturing entail 
and of the value of manufacturing careers. One result of thi 
image problem, according to the 1988 DOD report, is that manu 
facturing does not compete effectively for high-quality personnel 
A business school dean observed recently that the same companie 
that send vice-presidents of marketing and finance to recruit fo 
those functions often send a personnel specialist to recruit fo 
manufacturing jobs. "The salary structures they offer," the dea 
remarked, "might as well have a big sign attached that says: 'Don' 
apply for this job category.'" Until this image is changed an 
public understanding enhanced, people not previously motivate 
to choose manufacturing careers can hardly be expected to do so 

The other general barrier to improving U.S. manufacturin 
skills is the lack of a coherent national policy and standards fc 
human resource development. This shortcoming has implication 
for all teachers in elementary, secondary, trade, and postsecondar 
schools, as well as for industries, vendors, and labor unions. Thes 
absences, of a national will toward manufacturing and a nations 
human resources policy, confound efforts to surmount the moi 
localized barriers identified below. 

Part of the challenge of improving manufacturing skills is t 
identify them. The increasing sophistication and rapid change i 
manufacturing processes call for higher level skills that can b 
continually augmented, adapted, and modified. Advanced mam 
facturing technologies have created a need for work teams ths 
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are highly skilled not only in job-specific and general technical 
abilities, but also in interpersonal skills and organizational man¬ 
agement. Differences in specific skill requirements between small 
and medium-sized companies and large firms tend not to be reflected 
in existing curricula, whose development and adoption is most 
often driven by the views of large firms. Customized training, 
long a staple of two-year colleges, is aimed almost exclusively at 
the needs of large firms, which are often those that can best afford 
to provide their own training. 7 

In the present U.S. manufacturing context, skills are gener¬ 
ally expected to come from elsewhere. Industry pays taxes that in 
part support an educational system that it expects to meet its 
needs, and society is largely content to leave skills acquisition to 
individual initiative. Many potential providers of training in 
manufacturing are inhibited by lack of resources or motivation. 
Small and medium-size companies typically lack the time, money, 
and competence to mount effective training programs, while schools 
funded on a full-time equivalent basis often cannot justify programs 
designed to train small, dispersed enclaves of students. Given the 
mobility of the work force, many companies are reluctant to in¬ 
vest in the training of workers who might take their new skills 
elsewhere. Finally, people do not properly appreciate the benefits 
of training. Part of this problem derives from the seeming inability 
of U.S. business management to adopt policies that would allow 
companies to pay for skills (as opposed to jobs). Evaluations of 
apprenticeship programs, for example, seldom take into account 
the benefits that might accrue to an employer if an apprentice 
stays with the firm after completing the apprenticeship. But very 
real difficulties admittedly are associated with execution and 
methodology in studies and evaluations of manufacturing train¬ 
ing. Return on investment and the strategic and tactical advan¬ 
tages of training are difficult to factor into formal evaluations, 
and many companies' perceptions of such training are colored by 
poor past experience. 

Precedent for improving manufacturing skills is lacking in 
many companies that are unaccustomed to paying for skills be¬ 
yond entry level. The need to provide for continuing develop¬ 
ment is slowly being recognized, but managers untrained in mod¬ 
ern manufacturing methods are inclined to look at manufacturing 
training as less productive than other training. Consequently, 
they remain reluctant to invest in training at the operator and 
technician levels. 

Even with more widespread interest in company-provided training, 
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much of the work force would not be ready to take advantage 
it. Problems of basic literacy, necessitating remedial instructic 
are impeding the entry into the work force of increasing numbt 
of educationally and economically disadvantaged people who mig 
otherwise train for the new manufacturing jobs. 

A more fundamental barrier to the development of manufacturi 
skills is the largely indifferent and sometimes negative attitud 
of faculty and guidance counselors, most likely derived from la 
of manufacturing experience at any level. In some cases, facul 
interest in manufacturing is actively discouraged and offendi 
faculty are ostracized. This negative peer pressure can be trace 
in part, to a general lack of a scientific base. 

Lack of state-of-the-art education facilities constitutes anotb 
deficiency in U.S. universities that would teach manufacturir 
related science and engineering, according to the DOD report cit 
earlier. Tax incentives that encouraged donations of industr 
equipment have ended, but even with this incentive, manufactur< 
could not contribute enough equipment to schools to replica 
modern manufacturing in all its complexity. 

In addition, an appropriate body of manufacturing knowled 
in a format suitable for teaching (curricula, content, and stu 
and presentation materials) is lacking at many levels. Becac 
they must compete with established programs for funding, n< 
programs and disciplines focused on manufacturing are extreme 
difficult to put in place. Given funding (and the effects of t 
general educational funding malaise are felt by manufacturing 
well), such programs will face the task of defining a body 
manufacturing knowledge. 

The 1988 DOD report finds that the source of the natioi 
technical skill base, its university system, though sound, has lit 
to offer in manufacturing and manufacturing technology. This 
attributed in part to manufacturing's lack of status, even wit! 
manufacturing firms, where greater prestige tends to accrue 
research and design engineers than to manufacturing enginee 
The consequences can be seen in microelectronics manufacture 
To illustrate, the typical undergraduate experience in microeh 
tronics is shown in Table 6-4, and the missing manufacturi 
engineering content is shown in Table 6-5. 8 

University shortcomings in this field can be grouped into V 
categories: impressions or attitudes conveyed to students that i 
dermine the country's ability to produce highly talented and skill 
semiconductor engineers, and significant curriculum deficienc 
that limit students' ability to acquire the broad knowledge need 
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TABLE 6-4 Typical Undergraduate Experience in Microelectronics 


Course Type 

Manufacturing Content 

VLSI design (digital systems) 

Analog integrated circuit design (electronics) 
Integrated circuit processing lecture 

Integrated circuit fabrication laboratory 

Device physics 

None 

None 

None 

Small 

None 

source: Microelectronic Engineering at Rochester Institute of Technology: 
Manpower for Tomorrow's Technology, 1990. 

TABLE 6-5 Manufacturing Engineering Content Missing from 
the Above Curriculum 

Subject Area 

Specific Skills 

Operations Research 

Factory floor simulation 
Work-in-progress tracking 
Total cycle time management 
Materials resource planning 
Scheduling 

Productive maintenance 

Joe Juran methodology 
Gathering and processing 
data for control and quality 
improvement* 

Statistical Process Control 

Design of experiments 
Statistical thinking 

Time series analysis 

Specific training in quality 
and reliability* 

Computer automation 

CAD, CAM, CIM 

SECS I, II 

Robotics 

AI, Expert Systems 

Other 

Lithography 


sources: Microelectronic Engineering at Rochester Institute of Technology: 
Manpower for Tomorrow's Technology, 1990; and Panel on Manufacturing Skills 
Improvement (*). 






130 


THE COMPETITIVE EL 


to be innovative in this interdisciplinary field. The resulting a 
tudes and reward systems discourage many of the best Candida 
from beginning or continuing careers in manufacturing. Fina] 
the elementary and secondary school teachers who prepare prospect 
university students are sorely deficient in providing a solid ground 
in mathematics and science. 

Governmental structure offers one more barrier to impro 
ment of manufacturing skills. Doctrine tends to discourage 
dustry-govemment involvement in both directions, and fede 
responsibility for promoting improvement of manufacturing ski 
both in industry and for its own use, is unclear. Uncoordina 
initiatives are scattered throughout the departments of commei 
defense, education, energy, and labor and the National Aeron 
tics and Space Administration, National Institute of Standa 
and Technology, and National Science Foundation (NSF). 

RESEARCH NEEDS AND GENERAL RECOMMENDATIO 

Manufacturing skills improvement is particularly difficult 
cause so much of what affects it lies outside the manufactur 
sector. The order of the day is to develop competence, in both 
work force and management, with the advanced manufactur 
technologies essential to manufacturing competitiveness. Very 
ten today in U.S. firms, highly flexible manufacturing systems 
pable of producing more than one product over the range of e 
nomic quantities, and thus of supporting frequent new prod 
introductions and short runs of custom products, are used simply 
increase machine utilization for existing small bases of produ 
Management training in business schools must emphasize techr 
ogy management at least as much as financial management. Me 
over, it must emphasize the development of an integrated view 
manufacturing if it is to produce people competent to optimize ma 
facturing enterprises. Some degree of cross training in engineei 
would produce managers who have skills comparable to those 
their counterparts elsewhere in the world, particularly in Japan. 

Also important to the development of a competent work fc 
is vocational and engineering education. At these levels, the probj 
today is not that skills are not imparted; it is that the right sk 
ar not imparted. What modern manufacturing needs—and is 
getting—are master technicians and Renaissance engineers. Id 
tifying the skills needed by these classes of employees in curi 
and future uses of advanced manufacturing technology is an 
portant part of a research agenda. Instruction of such employ 
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hould emphasize the application of new ways to improve quality 
md productivity/ such as techniques for robust design, quality 
)rogramS/ production control mechanisms (e.g., Goldratt's and others)/ 
md newer accounting systems (e.g. ; Activity-Based Costing) that 
lerive information from simple/ on-floor measurements. As these 
nethods are culture- rather than capital-intensive, engineers must 
)e taught how to introduce them so that they are accepted. Manu- 
acturing engineering programs should give these techniques and 
heir implementation at least as much attention as they give robotics 
md CAM, which are perhaps more comfortable to deal with tech- 
lically, but have a more limited range of applicability. 

Finally, research should be directed at determining why engi- 
leering instruction in the United States tends to emphasize theory 
)ver practice and design over production, and why engineering fac- 
lty seem to have little manufacturing experience. Determining 
vhether this has always been so or if something happened to turn 
J.S. university teaching away from a practical production orienta- 
ion could provide insights useful for restoring the balance. 

None of the generic skills noted—such as basic literacy, numeracy, 
ntegrative and interpersonal abilities, and problem solving and 
ligher order thinking—are peculiar to manufacturing; these are 
he skills that virtually every industry, vocational, and skills study 
las found lacking. Recognition of the indispensability of these 
ikills to people working with advanced manufacturing technolo¬ 
gies might serve to reinforce efforts to build them in the popula- 
:ion as a whole, but only if manufacturing is itself considered 
mportant. 

The significance of manufacturing must be understood in terms 
)f what companies do. Companies that manufacture goods must 
)e valued for that activity rather than as chips in some grand 
rational poker game. Manufacturing enterprise must come to be 
Tewed as at least as important as making deals in Wall Street. 
Jntil that happens, manufacturing careers will continue to be 
mdervalued and undercompensated. 

Many of the efforts that are needed are not clearly within the 
purview of the NSF. This section attempts to differentiate re¬ 
search activities that, though they might not qualify as research, 
ire activities that the panel believes are crucial to the development 
md improvement of the manufacturing skills base. 

Career-long learning is essential, especially for engineers and 
:echnical people in manufacturing. Implementing the priorities 
Delow will provide an infrastructure for career-long learning, pro¬ 
viding further rationale for funding those priorities. 
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Education of underrepresented individuals is best implement 
by making it an integral part of each of the following priorities. 


Priority One: Collaborative Education in Manufacturing 

Skills 

Rationale 

A methodology is needed for studying complete industri 
processes in order to identify more precisely the skills that wi 
be required by users of advanced technologies. Already, compani' 
have perceived a need for familiarity with statistics, process co: 
trol, and manufacturing concepts, including microeconomics, b 
sic electronic theory, and communications, as well as probler 
solving ability and basic qualities such as responsibility and initiate 
A more thorough exposure to these subjects could rely on tl 
establishment of teaching factories, similar in concept to teachii 
hospitals. Among the many diverse and useful education and r 
search efforts aimed at improving manufacturing skills at the e 
gineering and management end of the education spectrum ai 
the Laboratory for Manufacturing and Productivity, Materia 
Processing Center, and Leaders for Manufacturing Program at t] 
Massachusetts Institute of Technology; the manufacturing-orient 
Engineering Research Center at Purdue University,- the Nation 
Technological University's Master of Science Program in Manufa 
turing Systems Engineering; the Center for Innovation Manageme 
Studies and Manufacturing Engineering Program at Lehigh Unive 
sity,- and the University of Wisconsin's Manufacturing Engineeri: 
initiative. These programs, though they appear to be very effecth 
are not nearly numerous enough to serve the population in need 
skills improvement at this level. 


Recommendation 

The NSF should establish a program to subsidize the initiatii 
of large new consortia that can collaborate, among themselv 
and directly with ongoing research efforts, on the developme 
and dissemination of programs of manufacturing skills educatii 
for engineers and managers. The effort could be couched as resear 
on collaborative education in manufacturing skills, including r. 
tionwide access and hands-on experience at appropriate cente 
to include a number of teaching factories. 
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Comment 

Such a program could leverage existing funding from NSF, 
Defense Advanced Research Projects Agency (DARPA), industry, 
and universities to mount a larger, more effective effort than ex¬ 
ists today. A relatively small amount of funding could have a 
major impact. Funding could be on a one- or two-year start-up 
basis, with continuing funding from other sources thereafter. 


Priority Two: Educational Level—Faculty 

Rationale 

Improving the technical competence of students and practicing 
engineers relies on improving the technical competence of faculty. 
Engineering faculty should understand the importance of manufac¬ 
turing and bring manufacturing-related concerns to students at all 
levels. An effective way to swiftly bring this about is to establish 
for engineering faculty a professional development program in 
manufacturing that is cost effective and readily available. 


Recommendation 

NSF should establish a Faculty Professional Development Program 
in manufacturing with a goal of reaching 20 percent of the engi¬ 
neering faculty in ABET 9 accredited programs within two years. 
The proposed program should be operated nationwide, with indus¬ 
try participation, at a relatively low cost per participant per day. 

Comment 

Existing programs are not effective for this purpose because 
few faculty from leading institutions attend and the programs are 
lengthy and costly. 


Priority Three: Education of Managers 

Rationale 

An environment more hospitable to manufacturing will re¬ 
quire a change in corporate culture. Manufacturing must become 
a major concern instead of a secondary consideration of top man¬ 
agement. Only management initiative can effect the needed changes 
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in attitude toward and practice of, manufacturing. Studies that 
show Japanese managements eliciting from the same work force 
and process technology 15 percent greater productivity and qual¬ 
ity than their U.S. counterparts should provide incentive enough. 
Many U.S. schools of management and business turn out students 
who understand business; far fewer turn out students who can 
manage. The concepts of business are learned in a much different 
way than the behavioral skills needed to manage effectively a 
sociotechnical system. Alternative sources of the needed training 
must be found. 


Recommendation 

NSF should fund and coordinate research that involves business 
and management schools, engineering colleges, and industry in 
collaborative studies of manufacturing management in particular 
and technology management in general. In-house training sponsored 
by industries and individual companies and educational programs 
provided through university extension and business and manage¬ 
ment school executive education programs also are appropriate. 
As a first step, NSF should fund a program to initiate the collection 
of data on the current status of programs in manufacturing and 
technology management. 


Priority Four: Establishment of Education and Training 

Consortia 

Rationale 

This would be a higher priority if the infrastructure needed to 
support the program existed at U.S. institutions. Because aca¬ 
deme lacks the faculty and facilities to implement needed pro¬ 
grams, and the cost of creating a supporting infrastructure would 
be enormous, NSF should allocate resources to support meaning¬ 
ful cooperation among the major players—institutions, industry, 
and government. 


Recommendation 

NSF should work with other government agencies, particularly 
the Department of Commerce, to develop a program that would 
establish consortia around specific manufacturing efforts, such as 
microelectronics, automotive, and aerospace. 
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Comment 

Many elements of such an effort already exist and should be 
encouraged to expand from a research focus to research and education. 
The Manufacturing Educational Centers concept is a good direc¬ 
tion to follow. The cost is hard to estimate, but could be as high 
as that of the Engineering Research Centers program (1985/$ 10 
million/6 centers; 1986/$21.89 million/ll centers; 1987/$29.28 million/ 
14 centers; 1988/$33.8 million/16 centers; 1989/$38.17 million/ 

18 centers; 1990/$42.51 million/19 centers,- 1991/$45.77 million/ 

19 centers,- 1992/$48.27 million/18 centers). 


Priority Five: Educational Level—Paraprofessional 

(Two-year Colleges/Vocational Schools) 

Rationale 

The funding of research to strengthen the development of 
paraprofessionals is particularly important to the nation's small 
and medium-sized businesses, which require broader competencies 
and greater flexibility and do not have engineering staffs.- Much 
more knowledge is needed about the skill, knowledge, and behav¬ 
ioral requirements of advanced manufacturing systems. Research 
should be undertaken to help employers and employees articulate 
needs for specific skills and to help educators translate these needs 
into curricula. Further, it is clear that the paraprofessional training 
currently provided by many large companies should be transferred 
to public institutions. Similarly, firm-specific training being provided 
by many public agencies ought to be transferred to companies. 
Support to design and encourage the process for these shifts of 
responsibility would be appropriate. 


Recommendation 

To lay the groundwork for future efforts at two-year colleges 
and vocational schools, successful manufacturing skills and education 
programs, both domestic and abroad, should be studied for their 
organizational structures, delivery of services, management, and 
incentives, as well as for their curricular content. Part of such a 
study might take the form of an analysis, international in scope, 
of the organization, funding, execution, and training content of 
apprenticeship and cooperative programs. 

The following priorities are not ranked. 
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Conceptual Thinking 

Rationale 

Manufacturing, being easily the most complex and challeng¬ 
ing part of an organization, requires high-order conceptual skills. 
The manufacturing function is most effectively managed as a sys¬ 
tem, yet most of the thinking brought to bear on manufacturing 
problems and opportunities is discrete. This is not surprising in 
light of findings that only a third of students in U.S. colleges and 
universities have thinking abilities that can be classified as con¬ 
ceptual. The didactic approach to instruction employed in most 
secondary schools and universities does not prepare students to 
understand and manage systems. Similarly, the teaching of engi¬ 
neering emphasizes analytical skills, but imparts little in the way 
of integrative or synthesis skills that will enable students to tran¬ 
scend thinking about discrete parts in order to understand and 
implement systems. 


Recommendation 

NSF should fund research to identify, analyze, and document 
secondary school and university curricula that successfully teach 
conceptual and integrative thinking. The results of this research 
should be made widely available, and a panel comprising the edu¬ 
cators responsible for designing and delivering the successful pro¬ 
grams should be empowered to recommend necessary changes in 
secondary, university, and graduate curricula. 


Cooperative Behavior 

Rationale 

Although manufacturing is increasingly relying on distributed 
and cooperative approaches to problem solving, little research has 
been done on the factors that foster or suppress cooperative behavior, 
Neither organization of education and training programs nor the 
philosophy of education have received much attention, though 
these are at least as important as program content in inculcating 
work habits. As cooperation and shared responsibility become 
more important to manufacturing, educators and trainers need tc 
know how their actions and attitudes, as well as the curricula, 
influence behavior. In addition, research is needed at the human- 
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machine interface. New approaches to training will be needed to 
ink machine learning capability and operator experience. 

Recommendation 

Research into the relationships of individuals to complicated 
systems should be undertaken, to include person-person and per¬ 
son-machine cooperation in both learning and work situations. 

Effective and Efficient Teaching Methods 

Rationale 

Engagement debate, and student responsibility and participation 
are teaching methods that shorten the time it takes to learn, as 
ell as lengthen retention, build skills, and facilitate the applica¬ 
tion of learning. 

Recommendation 

NSF should fund research on teaching methodologies that yield 
aster learning and better retention and facilitate the application 
of what is learned to real life situations. Representatives of both 
raditional (e.g., universities and community colleges) and 
ontraditional (e.g., the National Technological University) edu¬ 
cational enterprises might be brought together in a financially 
self-sustaining program to determine how different instructional 
methods might be combined to bring the highest quality of instruction 
o the broadest range of students without sacrificing the benefits 
f individual contact and experimental practice. The unique qualities 
f television might be studied, for example, with the aim of using 
t to improve training in manufacturing skills. 

Educational Level—Bachelor's Degree 

An analysis of manufacturing components in curricula at the 
bachelor's degree level in engineering and in business education is 
eeded. 10 

Recommendation 

NSF should perform an analysis of manufacturing components 
in curricula at the bachelor's degree level in engineering and in 
business education. 
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Educational Level—Through High School 

Education through high school is a top national priority th 
must be addressed with more resources than NSF commands. Son 
immediate measures are possible. A semiconductor industry re 
ommendation for raising the standards of primary and seconda 
education suggests that industry experts teach summer sessioi 
as a way of developing mathematics and science teachers. Care 
education, including the evaluation and development of care 
guidance materials at all levels, should be undertaken in suppc 
of manufacturing. This might be construed to include promotii 
a general awareness of the importance of manufacturing to t] 
U.S. economy. 

Recommendation 

NSF should inform those studying the problems of seconda 
education of its import for manufacturing and should encoura 
the incorporation of manufacturing awareness in the nation's hij 
school curricula. 

Summary 

Manufacturing competitiveness in the international arena w 
rely increasingly on the deployment of advanced manufacturi: 
technology, which in turn will rely on the nurturance of a high 
skilled and multidisciplinary work force. This work force do 
not now exist, and serious impediments, enumerated in this cha 
ter, threaten to slow or even forestall its creation. The cons 
quences of this eventuality for the economic welfare of the Unit 
States range from serious to devastating. 

Evidence abounds that the U.S. educational system needs radi< 
and pervasive reform. This chapter suggests some strategies for b 
proving the nation's chances of creating the work force it needs. In t 
interest of starting somewhere, and starting soon, this panel recoi 
mends that the following activities be undertaken immediately. 

• Establish a program to foster collaborative education 
manufacturing skills through large consortia and teaching factorii 

• Establish a professional development program to impro 
faculty understanding of manufacturing and encourage faculty 
bring manufacturing concerns to the attention of students. 

• Fund collaborative studies of manufacturing and technology m£ 
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agement as a way of developing understanding in managers of the need 
to change attitudes toward, and the practice of, manufacturing. 

• Encourage cooperation among federal, state, and local gov¬ 
ernments to develop a consortia-based alternative to the educational 
infrastructure so as to raise graduate education in manufacturing 
to a satisfactory level. 

• Fund an international study of successful programs of train¬ 
ing and education in manufacturing skills and fund the transfer of 
generic teaching functions from industry to academe. 
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6. A recent National Research Council report recommends establishing such 
a clearinghouse. See Improving Engineering Design: Designing for Competitive 
Advantage. 1991. Washington, DC: National Academy Press. 1991. 

7. Two exceptions are The Great Lakes Manufacturing Technology Center 
(supported by the National Institute of Standards and Technology) and the Unified 
Technology Center in Cleveland, Ohio, which provide focused help for smaller 
firms. They transfer technology through on-site interactions with smaller firms 
and enhance employee skills through training. They also provide advice to indi¬ 
vidual firms on opportunities for enhancing product quality and productivity, which 
is well received by the business community and is a valuable activity for all 
concerned. 

8. A well-thought-out curriculum for manufacturing and design engineering 
has been proposed by Dr. Joel Spira, Lutron Electronics Company, Coopersburg, 
Pennsylvania, January 6, 1990. See Appendix B in Improving Engineering Design: 
Designing for Competitive Advantage. 1991. Washington, DC: National Acad¬ 
emy Press. 

9. The Accreditation Board for Engineering and Technology reviews and pro¬ 
vides accreditation for the nation's collegiate-level technology-based programs. 

10. For DOD activities, see The Department of Defense Report on Science 
and Engineering Education Activities of the Department of Defense for the Com¬ 
mittees on Armed Services, United States Congress. March 1990. 
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ABLE A-2 Projected Employment Change by Occupation, 
988-2000, Ranked by Absolute Change in Declining Industries 
lumbers in Thousands) 


Projected 1988-2000 employment change 


Occupation 

All 

industries 

All 

declining 

industries 

All 

growing 

industries 

Total, all occupations. 

17,120.1 

- 1,435.3 

18,555.4 

All other assemblers and fabricators . 

- 116.4 

- 113.1 

-3.3 

Farm workers. 

-98.2 

- 108.5 

10.2 

Sewing machine operators, garment. 

-90.7 

-96.1 

5.4 

Inspectors, testers, and graders, precision .... 

-41.7 

-71.6 

29.9 

Electrical and electronic assemblers . 

- 103.3 

-69.0 

-34.3 

All olher helpers, laborers, and material 
movers, hand. 

70.2 

- 57.9 

128.1 

Blue-collar worker supervisors. 

124.1 

-54.6 

178.7 

Hand packers and packagers.. 

- 75.0 

-48.8 

-26.2 

Secretaries, except legal and medical. 

383.9 

-44.1 

428.0 

Electrical and electronic equipment 
assemblers, precision. 

- 70.2 

-44.1 

-26.1 

Freight, stock, and material movers, hand. 

19.7 

-37.6 

57.3 

Ail other machine operators, tenders, setters, 
and set-up operators. 

- 28.5 

-34.1 

5.6 

Textile draw-out and winding machine 
operators and tenders. 

-30.2 

-30.8 

.6 

Packaging and filling machine operators 
and tenders. 

-32.6 

-30.1 

-2.5 

Child care workers, private household. 

-28.1 

-28.1 

0 

Industrial truck and tractor operators. 

-21.4 

-27.6 

6.3 

Machine feeders and offbearers. 

-31.0 

-26.0 

-5.0 

Welders and cutters . 

- 16.1 

-24.8 

8.7 

Bookkeeping, accounting, and auditing clerks . 

40.3 

-24.4 

64.7 

Machine forming operators and tenders, metal 
and plastic. 

- 18.4 

- 23.4 

5.0 

General managers and top executives . 

478.9 

- 22.5 

501.4 

All other hand workers . 

- 18.5 

-19.6 

1.1 

All other mechanics, installers, and repairers .. 

-25.9 

- 17.7 

-8.3 

Gardeners and groundskeepers, except farm .. 

149.4 

- 17.5 

166.9 

Janitors and cleaners, including maids and 
housekeeping cleaners. 

471.8 

- 16.8 

488.6 

Crushing and mixing machine operators 
and tenders . 

- 18.9 

- 15.8 

-3.1 

Sewing machine operators, nongarment. 

-8.0 

- 15.3 

7.2 

Machine tool cutting operators and tenders, 
metal and plastic. 

- 14.9 

- 14.1 

-.8 

Typists and word processors . 

-66.2 

- 13.3 

- 52.9 

Welding machine setters, operators, and 
tenders. 

- 13.6 

- 13.0 

- -6 

Cleaners and servants, private household .... 

- 12.6 

- 12.6 

0 

All other metal and plastic machine setters, 
operators, and related workers. 

- 11.5 

- 11.9 

.3 

General office cierks. 

454.3 

- 11.1 

465.4 

All other machine tool cutting and forming, 
etc. 

-4.3 

- 10.9 

6.5 

Chemical equipment controllers, operators, 
and tenders. 

- 10.8 

- 10.2 

-.6 

Sheet metal workers and duct installers . 

9.7 

- 10.1 

19.8 


mjrce: G. Silvestri and J. Lukasiewicz. 1989. Monthly Labor Review 
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ABLE A-4 Percent Distribution of Employment by Occupation, 
?88 and Projected 2000 Alternatives 


Occupation 

1988 

2000 

Low 

Moderate 

High 



Total employment . 

100.0 

100.0 

100.0 

100.0 

Executive, administrative, and managerial 





occupations. 

10.2 

10.8 

10.8 

MEM 

Professional specialty occupations . 

12.4 

13.4 

13.3 

HI 

Techicians and related support occupations 

3.3 

3.7 

3.7 

HI 

Marketing and sales occupations. 

Administrative support occupations, including 

11.3 

11.6 

11.7 

H 

clerical . 

17.8 

17.4 j 


17.3 

Service occupations . 

Agriculture, forestry, fishing, and related 

15.6 

16.7 


16.4 

occupations . 

Precision production, craft, and repair 

3.0 

2.4 


2.5 

occupations. ... . 

120 

114 


11.6 

Operators, fabricators, and laborers . 

14.4 

125 


12.8 


iurce: G. Silvestri and J. Lukasiewicz. 1989. Monthly Labor Review 
12:11):65. 
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